r 

AD-A019  094 

DEVELOPMENT  OF  EMISSIONS  MEASUREMENT 
AFTER  BURNING  TURBINE  ENGINES 

TECHNIOUES  FOR 

T . F . Lyon  , et  a 1 

General  Electric  Company 



Prepared  for: 

Air  Force  Aero  Propulsion  Laboratory 
October  1975 


DISTRIBUTED  BY: 


Mational  Tfchnical  Information  Service 
U.  S.  DEPARTMENT  OF  COMMERCE 


AO\019094 


013127 

AFAW.Tt-7S4a 


DI^ILOPMeNT  OF  EMISSIONS 
MEASUREMENT  TECHNIQUES  FOR 
AFTERBURNING  TURBINE  ENGINES 


GENERAL  ELECTRIC  COMPANY 
AIRCRAFT  ENGINE  GROUP 
CINCINNATI,  OHIOiSSlS 


OCTOBEP  1975 

TECHNICAL  REPORT  AFAPL  TR  75  52 

FINAL  REPORT  FOR  PERIOD  1 APRIL  1973  - 31  MARCH  1976 


Approved  for  public  release;  dietribulion  unlimited 


C 'r- 1 


NATIONAL  TECHNICAL 
INFORMATION  SERVICE 

\A  7^’lSl 


AIR  FORCE  AERO  PROPULSION  LAIORATORY 
Air  Fore#  Wright  Aeronciftlcal  Laborctoios 
Wright-Patt#rson  Air  Forco  Ba»#,  Ohio  45433 


TfflS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE  COPY 
FURNISHED  TO  DTTC  CONTAINED 
A SIGNfflCANT  NUMBER  OF 
PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY, 


REPRODUCED  FROM 
BEST  AVAILABLE  COPY 


UNCWSSIKIEX) 


SICuI^iTt  Cl.MMriC*TlON  0>  THIS  »«GE  rlfhMi  Otta  tniaitl 


RiPORT  DOCUMENTATION  PAGE 

! READ  INSTRUCTIONS 

1 BEFORE  COMPLETING  FORM 

1 nerout  mummen  | 

A FA  PL- TR- 75-5  2 i 

i GOVT  ACCCiAtON  MQ 

1 

RfCI^ICUT'A  CATALOG  NUM«C«4 

* TITut  f»»<  JuEllll*) 

OKVELOPMENT  OF  FKISSIONS  MEASURJEafiitfr  TliCUMCJtTiS 
FOR  AFTERBURNING  TURBIIO;  ENGIIffiS 


7 AUTHOHriJ 

T.  F.  Lyon,  W.  C,  Colley,  M.  J.  Kenworthy, 
amt  D.  W.  Bahr 


% PCnfOMMHf';  'USAHItATlOH  NAME  AND  AOOHESS 

General  Electric  Company 
Aircriitt  Engine  Group 
Cine innati  , Ohio  ^5215 


M COMldOLLlNO  OTflCE  NAME  AXO  ADOBEiS 

Air  Force  Aero  Propulsion  Laboratory  (AFAPL/SFF; 
Air  Force  Wright  Aeronautical  Laboratories 
Wriyht-Patterson  AFB.  Ohio ^4543 


TVPE  OF  HEBOIIT  A PEMOD  COVCNED 

Final  Technical  Report 
1 Apr  73  - 31  Rar  75 


PCAPOfttllMG  Oi^O.  Atf’ORT  NUMHEn 

R75AEG457 


CONTRACT  on  GAAMT 

K33615-73-C- 2047 


«C  f^MOOAAM  £LCMeNT.  ^MOjeCT  YAlK 
AMEA  A WOAk  unit  NUMMCAS 


Project  1900 


w AEPOnr  DATE 

October  1975 


a.  NUMSP.n  Of  P*A0£& 
327 


A MONITORING  AOCNCY  HAUC  A AODRCSA^//  C^nh^lUng  Otiif)  IS.  SECuNITV  CUASS.  (ot  thl» 

Uoclasslflod 


1A  OlSTniQjTlON  STArCMENT  (ol  H*p9H) 


Approved  for  public  release;  distribution  anlimited. 


IT.  OISmiMUTlON  STATKMCMt  (6t  IA«  AAfAfAtf  lA  Mf«cA  ^0.  li  dlfUtmt  ttem 


IS.  KEt'  AONOS  rConrinuA  cm  ttvtfm  •I<t9  «A<f  ia*nUty  by  blotk  numb^t) 

Afterburner  Emissions  Exhaust  Plumes 

Combustion  Efficiency  Gas  Sampling  Probes 

Emissions  Measurement  Turbine  Engine  Emissions 

Environmental  Pollution 


20  AB$THACT  (■ConllnuA  on  rovoioo  •!</*  II  norooOAfj.  •nd  Idan’Hr  ‘f  Hock  mankoO 

Detailed  emissions  measuroments  were  mode  throughout  the  plumes  of  J85-5 
and  J79-15  engines  at  military  power  and  three  afterburning  power  levels. 
Calculations  of  integrated  pollutant  flow  rates  at  various  axial  stations 
showed  that  hydrocarbons  are  most  reactive  in  the  plume,  with  significant  de- 
creases observed  at  all  afterburning  power  levels.  Cnrlion  monoxide  can  either 
increase  or  decrease  with  axial  distance  in  the  plume,  depending  on  the  power 
level  and  the  hydrocarbon  contents.  No  significant  change  in  total  oxides 
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of  filtroEen  was  observed  at  any  power  level.  Under  certain  conditions,  NO 
from  the  aalnbumer  wag  converted  to  NO2  in  the  afterburner.  Since  N02 
l.s  colored,  the  potential  for  plune  vl.qibllity  exists  for  afterburning 
engines . 

A computerised  analytical  plume  model  was  developed  and  verified, 
which  considers  the  simultaneous  mixing  and  chemical  reaction  processes 
that  can  occur  In  the  plumes  of  afterburning  engines,  the  model  enables 
calculating  local  concentrations  of  the  various  exhaust  gases  at  any 
axial  or  radial  location  from  initial  values  mea.sured  at  the  exhaust  plane. 
In  addition,  the  model  permits  Investigation  of  the  effects  of  such  factors 
as  engine  slae,  ambient  conditions,  altitude,  and  flight  Mach  number. 

A procedure  for  afterburning  engine  emissions  measurements  was 
developed.  This  procedure  describes  two  different  method?.  The  first, 
and  recoBiMended , procedure  requires  measurement  of  emisslnn.s  at  a location 
far  enough  removed  from  the  engine  that  mixing  and  reacllo.is  are  complete. 

A new  data  reduction  approach  was  developed  for  use  with  this  method.  An 
alternative  method  is  described  which  utilizes  samples  taken  ct  the  nozzle 
exit  plane.  Due  to  the  reactive  nature  of  the  plume,  the  plume  model 
computer  program  Is  used  with  this  method  In  order  to  calculate  the 
j quantity  of  contaminants  ultimately  ejected  Into  the  atmosphere. 
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PREFACE 


This  report  covers  all  work  accomplished  in  the  "Development  of  Emission 
Measurement  Techniques  for  Afterburninu  Turbine  Ennines"  Program  conducted 
under  Contract  F33615-73-C-2047  by  the  General  Electric  Company,  Aircraft 
Engine  Group,  Cincinnati.  Ohio  45215.  The  report  was  submitted  by  the  authors 
on  19  June  1975. 

Tins  program  was  sponsored  by  the  Air  Force  Aero  Propulsion  Laboratory, 

Air  Force  Wriglit  Aeronautical  Laboratories,  Wnght-Patterson  Air  Force  Base, 
Ohio  15  13J.  The  Air  Force  Project  Engineer  was  Dr.  W.  S.  Blazowski  (AFAPL/ 
SFF). 

The  General  Electric  Program  Managers  were  R.  A,  Monteferrante  and,  later, 

A.  L.  Meyer;  the  Technical  Program  Manager  was  D.  W.  Bahr ; the  Principal 
Investigator  was  Dr.  T.  F.  Lyon. 

Valuable  contributions  to  this  program  were  made  by  the  following  per- 
sonnel of  the  General  Electric  Company,  Aircraft  Engine  Group,  Engineering 
Division.  Continuing  support  and  consultation  was  provided  by  C.  C.  Gleason. 
The  plume  modeling  effort  was  directetl  by  M.  J.  Kenworthy  with  major  contri- 
butions by  W.  C.  Colley.  Additional  computer  programming  support  was  supplied 
l)\  D.  R.  Ferguson  and  M.  A.  Smith.  Data  reduction  procedures  were  programmed 
by  U.  \v.  Rogers  and  J.  Burns;  data  reduction  was  performed  by  V.  M.  Cecil. 

R.  C.  Williamson  and  B.  w.  Slowe  contributed  to  the  design  of  the  sampling 
and  analysis  system  with  C.  M.  Slanforth  directing  this  el  tort.  Engine  emis- 
sions testing  was  perlormod  al  the  General  Electric  Eiiwards  Flight  Test  Center 
under  the  overall  direction  oi  C.  L.  Shumate;  engine  operation  at  Edwards 
was  supervised  by  C.  Morgan. 

Compreliensi VC  test  data  acquired  in  the  engine  testing  phases  of  this 
program  are  contained  in  a separate  volume  subtitled  "Supplement  1 - Engine 

B. missions  Test  Data  . Computational  routines  and  operating  instructions  for 
file  plume  model  computer  progr;im  developed  in  this  program  arc  contained  in  a 
separate  volume  sufititled  "Supplement  2 - C'jmpulcr  Progr.uri  User's  Manual". 
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SECTION  1.0 


INTRODUCTION 


Up  to  this  time,  development  of  emissions  measurement  techniques 
generally  has  been  concerned  only  with  nonafterburning  engines.  Measure“ 
ment  procedures  for  sucl>  engines  were  first  issued  by  the  Society  of 
Automotive  Engineers  (ARP  1256,  Oct.  1971).  Procedures  adopted  by  the 
EPA  as  part  of  the  methods  for  Control  of  Pollution  from  Aircraft  Engines 
(Federal  Register  July  17,  1973)  are  based  on  the  SAE  procedures.  Tliese 
techniques  for  nonafterburning  engines  require  rather  limited  sampling 
at  the  nozzle  exit  plane,  which  is  adequate  since  the  exhaust  concentrations 
are  fairly  uniform  across  the  nozzle  diameter  except  for  mixed-flow  turbofan 
engines.  In  addition,  uncooied  probes  are  generally  adequate  sinct  the 
exhaust  temperatures  are  moderate. 

In  contrast,  local  temperatures  at  the  exhaust  plane  of  afterburning 
engines  can  reach  3600'*  F.  These  extremely  high  temperatures  can  result  in 
continued  reactions  downstream  of  the  exhaust  plane,  so  that  exhaust  plane 
measurements  would  yield  emissions  levels  which  are  not  representative  of 
the  actual  contribution  to  atmospheric  pollution,  in  addition,  the  high 
exhaust  plane  temperatures  can  cause  continued  reactions  within  the  sampling 
probe,  necessitating  careful  design  of  the  probe  to  quencli  the  reactions 
at  the  probe  entrance. 

Since  existing  measurement  procedures  are  not  applicable  to  afterburning 
engines,  this  program  was  undertaken  to  provide  the  definition,  development, 
and  demonstration  of  emissions  measurement  techniques  for  afterburning 
turbine  engines. 

A key  part  of  this  program  has  been  the  development  of  a computerized 
analytical  model  of  the  simultaneous  mixing  and  chemical  reaction  processes 
that  can  occur  in  the  plumes  of  afterburning  engines.  This  model  was 
developed  so  that  local  concentrations  of  the  various  exhaust  gases,  at  any 
axial  station  and  radial  position  downstream  of  the  engine  exliaust  nozzle, 
may  be  calculated  from  tlie  initial  extiaust  plane  values.  This  highly  complex 
and  sophisticated  model  not  only  permits  calculation  of  final  emissions 
levels  from  exhaust  plane  data,  but  also  permits  Investigation  of  the  effects 
of  such  factors  as  engine  size,  ambient  conditions,  altitude,  flight  Mach 
number,  etc. 

The  program  was  divided  into  three  phases.  Phase  I,  completed  in 
October  1973,  was  the  system  definition  study.  This  phase  involved  develop- 
ment of  the  analytical  model  of  the  exhaust  plume  and  preliminary  planning 
of  the  emission  measurement  system  to  be  used  on  tlie  engine  tests.  In 
Phase  11,  the  emissions  itiea.su remen t system  was  constructed  and  installed  at 
the  General  Electric  Edwards  Flight  Test  Center  at  Edwards  Air  Force  Base. 
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Decallod  emissions  measurements  were  made  throughout  the  plumes  of  two 
afterburning  engines,  a J85-5  and  a J79-15.  The  measured  emissions  levels 
were  compared  with  the  predictions  of  the  analytical  studies  of  Phase  1. 
Phase  in  consisted  of  refinement  of  the  measurement  system  and  plume  model, 
and  definition  of  the  final  emissions  measurement  procedures  In  a format 
similar  to  that  of  SAE  ARP  1256,  Emissions  measurements  on  the  same  two 
engines  were  then  made  to  demonstrate  these  procedures.  Emissions  tests  on 
the  FlOl  engine,  originally  planne'*  as  part  of  this  program,  were  not  per- 
formed due  to  unavailability  of  a .cit  engine. 

The  finalized  measurement  procedure,  described  in  a format  similar 
to  that  used  for  SAE  ARP  1256,  is  presented  as  Appendix  B of  this  report. 
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SECTION  2.0 


SUmARY 


This  program  was  undertaken  to  provide  the  definition,  development,  and 
demonstration  of  emlaslons  meaBurement  techniques  for  afterburning  turbine 
engines.  The  study  Involved  both  analytical  and  experimental  investigation 
of  emissions  levels  at  the  exhaust  plane  and  subsequent  changes  of  the 
emissions  levels  In  the  exhaust  plume. 

Analytical  procedures  were  developed  and  combined  with  existing  pro- 
cedures to  form  a model  of  the  exhaust  plume  of  afterburning  turbojet  or 
turbofan  engines.  The  model  represents  those  features  of  the  gas  flow  which 
influence  the  consumption  of  gaseous  contaminant  emissions  in  the  plume. 
These  features  Include: 

1.  Time-average  turbulent  mixing  of  each  element  of  the  axlsy- 
metric  exhaust  jet  into  adjacent  elements  and  the  mixing  of 
ambient  air  Into  the  hot  gas 

2.  Time-varying  composition  (heterogeneity)  of  the  gas  flow 
past  each  point  in  space 

3.  Generation  and  decay  of  gas  heterogeneity  in  the  plume 

A.  Alteration  of  Instantaneous  gas  composition  hy  mixing  with 
gas  from  adjacent  parts  of  the  flow  and  by  homogenization 

5.  Consumption  of  gaseous  contaminants  by  rate-limited  chemical 
reactions. 

Input  to  the  model  includes  data  from  a probe  survey  of  the  engine 
exhaust  stream,  together  with  properties  of  the  fuel  and  ambient  air  and 
parameters  of  the  engine  cycle.  Based  on  this  input,  the  model  predicts 
profiles  of  velocity,  fuel,  and  contaminant  concentrations  at  various  axial 
locations  in  the  plume  and  overall  residual  emissions  indices  derived  from 
integration  of  these  profiles. 

The  primary  use  intended  for  the  model  is  to  estimate  the  true 
residual  emissions  released  into  the  atmosphere,  based  upon  emissions 
measurements  made  at  the  afterburner  exhaust  plane.  This  procedure  is 
useful  in  applications  where  direct  sampling  of  the  mixed  and  cooled 
exhaust  plume  is  not  practical,  such  as  engine  tests  in  enclosed  test 
cells.  The  model  Is  also  capable  of  accommodating  a moving  environment, 
which  makes  it  useful  In  estimating  contaminant  consumption  In  the  plume 
under  high-altitude,  high-speed  flight  conditions. 
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An  afterl.  irn«ir  uinisstons  nu>asur.ament  system  was  designed,  constructed, 
and  set  up  at  the  General  Electric  Edwards  Flight  Test  Center  at  Edwards 
Air  Force  Base,  California.  Afterburner  emissions  measurement.s  were  made 
on  J85-5  iind  J79-15  engines  at  four  power  levels  from  military  to  m.ixlmum 
afterburning.  At  each  power  level,  measurements  were  made  at  five  axial 
stations:  from  the  noxale  exit  to  30  feet  aft  of  the  J85  and  to  60  ttet 
aft  of  the  J79.  At  each  axial  station,  measurements  were  made  .it  approxi- 
mately 24  radial  locations  across  the  plume.  Data  from  tliese  tests  Indi- 
cate that  hydrocarbons  are  most  reactive  in  the  plume,  with  .significant 
consumption  observed  at  all  afterburner  power  settings.  At  maximum  after- 
burner power  setting,  all  of  the  hydrocarbons  initially  in  the  exliaust  are 
ultimately  consumed  by  the  plume  reactions.  Carbon  monoxide  is  less  re- 
active, witli  large  reductions  occurring  only  at  the  higher  afterbunuT 
power  settings.  No  significant  change  l.n  oxides  of  nitrogen  was  ob.served 
in  the  plume  at  any  power  setting. 

A dat.i  reduce  loll  urocetlure  was  developed  which  is  well  suileil  to 
ovaJuatiou  of  emissions  indices  at  locations  far  downstream  from  the  engiiu' 
where  extremely  low  emissions  concentrations  are  encountered.  Thl.s 
method  involves  plotting  the  emission  concentrations  against  CO2  concent  ra- 
tion. At  axial  stations  far  enough  removed  from  the  engine  that  mixing  and 
plume  reactions  are  complete,  this  plot  becomes  a straight  line,  tlie  sloiie 
of  which  is  related  to  the  emission  index. 

this  method  gives  reliable  emission  Indices  under  suitable  condltluii.s, 
and  provides  a graphical  display  which  is  amenable  to  statistical  treatment 
The  procedure  has  also  been  found  useful  at  locations  where  mixing  and 
reactions  are  not  complete.  In  these  cases,  the  nonlinear  curves  are  Inter 
pretable  in  terms  of  the  degree  of  mixing  and  reactions  occurring  at  th.it 
location. 

An  afterburner  emissions  measurement  procedure  was  formulated  and 
described  In  a format  similar  to  that  used  In  ARP  1256.  Ilie  procedure 
consists  of  two  parts.  Part  A,  the  Far  I’lume  Method,  describes  the 
procedure  for  emissions  meas urenients  at  axial  stations  far  removed  1 com 
the  engine  exhaust  plane.  ihis  is  tlie  preferred  procedure,  and  dat.i 
reduction  metliods  .iru  based  on  tlie  slope  method  described  above.  lu  ease 
the  required  test  facilities  are  not  available  for  using  this  procedure, 
an  alternate  procedure,  the  Near  Plume  Metliod,  is  also  described.  This 
method  involves  measurement  of  emissions  at  the  nozzle  exit  plane,  along 
with  total  pres.sure  measurements  to  properly  mass  weight  the  local  \'alucs. 
Data  reduction  for  the  Near  Plume  procedure  ullllzes  the  plume  model  com- 
puter program  to  calculate  the  quantity  of  contaminants  ultimately  ejectiJ 
Into  the  atmosphere. 

A final  ser»e„  of  emissions  measurements  on  both  tlie  J85  and  .1/4  cugii: 
were  made  to  demonstrate  these  afterburner  emissions  measurement  preu  ednr. 
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This  liual  ttjsl  serii-s  showed  that  reliable  emissions  meas uremeiU s >.  .in 
be  made  on  afterburning  engines  by  botli  the  Near  Plume  and  tiie  Far  i’ 1 nme 
test  mi*thods.  Tiie  Far  Plume  procedure  provides  more  aecurate  over. ill 
tisiilts,  espi-clally  when  lar^^e  ch.anges  lit  emi.sslons  K-Vi-ls  otiiir  in  tlie 
p 1 ume . 


SF.CTION  3.0 


AFTERBURNER  EMISSIONS  HEASUREhtENT  SYSTEM  DEFINITION 


System  definition  studies  were  perforiaed  in  Phase  T of  the  program, 
which  involved  assessment  of  afterburner  emissions  characteristics  and 
assessment  of  measurement  system  selection  considerations.  The  me;.suremcnt 
system  to  be  used  for  the  Phtise  II  engine  emission  tests  was  also  t'.’Iined 
in  Phase  I.  Included  in  system  definition  was  the  design  of  the  .jrotes  to 
be  used  for  the  engine  tests.  These  activities  are  described  in  this 
section  of  the  report. 


3 . 1 AFTERBURNER  EMISSIONS  CtlARiiCTERISTl  CS 

Emissions  from  augmentor  combustion  systems  are  generally  similar  to 
emissions  from  main  engine  combustors  in  that  the  primary  objectionable 
pollutants  consist  of  carbon  monoxide  (CO),  hydrocarhon.s  (IlC) , oxides  of 
nitrogen  (NOj^)  , and  p.irticulate  emissions.  The  CO  and  HC  emissions  generally 
arc  products  of  inefficient  combustion,  and,  since  CO  results  from  partial 
oxidation  of  the  fuel,  CO  tends  to  occur  where  high  HC  concentrations  exist. 
However,  at  high  afterburning  power  levels,  where  the  fuel-air  mixture  may 
be  .stoichiometric  or  greater,  very  high  levels  of  equilibrium  CC  may  exist. 

In  these  regions,  temperatures  are  too  high  for  HC  to  persist.  The  general 
tendency  in  afterburners,  thus,  is  that  the  CO  concentrations  are  hipest 
in  regions  of  highest  temperatures,  while  both  CO  and  HC  may  exist  in  low 
temperature  regions. 

For  nxDSt  afterburning  aircraft  engines,  the  main  engine  operates  at  its 
maximum  power  conditions  as  the  afterburner  power  is  modulated  over  its 
entire  range.  This  maxlmiim  power  level  of  the  main  engine  is  referred  to  as 
military  or  inteimedl  ate  rated  power.  The  emissions  from  the  mainbumer 
whlcn  enter  the  afterburner  are,  thus,  the  same  regardless  of  afterburner 
power  level.  ITie  CO  and  HC  from  the  main  engine  tend  to  be  consumed  in  the 
afterburner  flame  when  the  afterburner  is  operating.  But  CO  and  HC  are  al.so 
formed  within  the  afterburner,  which  may  result  in  a net  Increase  or  decrease 
in  CO  and  HC  when  operating  with  afterburner,  depending  upon  the  relative 
magnitudes  of  the  various  cha  iges  involved. 

As  for  NOjj  emissions,  the  chemical  kinetics  of  NO  formation  are 
reasonably  well  understood  and  the  dominant  parameter  in  NO  production  is 
the  maximum  flame  temperature.  Since  the  flame  temperatures  are  much  higher 
In  the  mainbumer,  the  NO  production  rates  would  be  expected  to  be  hi^er 
in  the  mainbumer  than  in  the  afterburner.  However,  the  kinetics  of  the  NO 
formation  process  are  such  that  there  can  be  no  significant  decrease  in 
total  NOjj  in  the  afterburner  but  only  an  Increase.  The  basic  reason  for 
this  is  that  at  the  lower  temperatures  where  thermody .laml c equilibrium  favors 
a decrease  in  overall  NO  level,  the  kinetics  are  too  slow  to  permit  any 
appreciable  change. 
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Stnoke  tends  to  be  generated  under  very  rich,  hl^  pressure  conditions 
such  as  may  be  found  In  the  primary  zone  of  main  engine  cowbustora.  Hie 
smoke  generated  in  augmentors  would  be  expected  to  be  of  minor  significance 
because  pressure  levels  are  low,  and  the  fuel-air  mixtures  are  not  as  rich 
as  In  the  primary  zones  of  main  engine  cosbustors.  Tn  fact,  it  has  been 
shown  that  main  coiAustor  snxjke  is  partially  consumed  in  the  afterburner 
conbustion  processes. 

The  general  remarks  made  here  concerning  afterburner  emissions  charac- 
teristics refer  to  the  formation  of  objectionable  emissions  within  the  main- 
burner  and  afterburner,  and  apply  to  emissions  levels  to  be  found  at  the 
nozzle  exit  plane.  The  general  cotaposltion  of  the  exhaust  at  this  station 
influences  the  choice  of  the  sampling  and  analysis  equipment  to  be  used  for 
the  nozzle  exit  plane  measurements. 

Until  recently,  very  little  Information  had  been  available  on  emissions 
from  afterburning  engines.  This  was  due  mainly  to  the  rather  specialized 
probe  required  for  sampling  in  the  high  temperature  stream.  Still  less 
information  was  available  on  the  extent  of  reactions  in  the  exhaust  plume  due 
to  the  extensive  facilities  required  to  make  such  measurements.  Table  1 is 
a summary  of  previously  published  afterburner  emission  test  data. 


3.2  AFTERBURNER  PLUME  CHARACTERISTICS 


The  extremely  high  exhaust  plane  temperatures  produced  when  operating 
turbine  engines  with  afterburners  can  result  in  continued  reactions  down- 
stream of  the  exhaust  nozzle.  In  order  to  adequately  define  the  emissions 
measurement  system,  it  was  necessary  early  in  the  Phase  1 efforts  to  determine 
the  approximate  extent  of  mixing  and  chemical  reactions  occurring  within  the 
plume.  These  determinations  were  calculated  utilizing  the  existing  JETMIX 
and  GCKP  Programs.  The  JETMIX  program  provides  the  rate  of  mixing  in  the 
exhaust  plume,  while  the  GCKP  program  provides  the  overall  chemical  react icn 
rates  in  the  plume.  A thorou^  discussion  of  both  these  programs  is  cont.iined 
in  a later  section  of  this  report. 


Calculations  of  radial  profiles  at  various  downstream  axial  stations  were 
made  for  three  engines  utilizing  the  JETMIX  computer  program.  Tlie  FlOl  engine 
was  included  in  these  calculations  since  the  original  plans  for  this  program 
included  testing  the  flOl.  A summary  of  the  plume  conditions  at  Max  A/B  power 
and  at  each  selected  axial  stations,  for  these  three  engines,  is  given  in 
Table  2.  The  five  axial  station^  selected  are  at  approximately  0,  3 6,  12. 

and  24  nozzle  diameters  for  the  J85-5  and  J79-15,  and  at  about  0,  2,  4,  8, 
and  16  nozzle  diameters  for  the  FlOl,  as  shown  in  Column  4 of  the  table.  llie 
nozzle  diameter  (Column  2)  for  each  engine  is  that  corresponding  to  the  ideal 
A9 , which  is  the  area  that  would  be  required  for  an  isentropic  expansion  to 
ambient  pressure. 


In  Table  2,  the  fifth  through  the  ninth 
total  temperature,  velocity,  total  pressure, 
centerline.  The  second  sampling  station  for 


columns  give  the  static  and 
aiid  Mach  number  at  the  plume 
each  engine  Is  near  the  end  of 
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Table  1.  Suaoary  of  Previous  Afterburner  Emissions  Test  Data, 


Engine 

Simulated 
Mach  No. 

Simulated 

Altitude 

(ft) 

Axial 

Sampling 

Location 

(ft) 

Test 

Location 

Refe  rence 

TF30-P-3 

0-1.3 

0-40K 

0.75 

NASA- Lew Is 

a. 

TF30-P-412 

0-1.8 

0-70K 

27 

NAPTC 

b . 

J85-5 

0 

0 

0,4,8,16 

AEDC 

c . 

YJ93-3 

0-2.7 

0-75K 

0 

AEDC 

d. 

J85-13 

0-1.5 

6.5-42K 

0.5 

NASA- Lewis 

e . 

Olympus 

0 

0 

33 

SNECMA 

f. 

J85-5 

1. 6-2.0 

55-65K 

0,14,30 

AEDC 

8- 

J58 

2. 0-2. 8 

65K 

0.2 

NASA-Lewls 

h. 

Various 

0 

0 

Various 

NORIS 

i. 
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Table  2.  Summary  of  Plume  Conditions  - JETOIX  Calculations 
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the  potential  core,  and  the  centerline  conditions  decrease  rather  rapidly 
with  axial  distance  after  this  station.  The  tenth  column  gives  tlie  jet 
dlameteti  which  here  Is  defined  as  that  diametral  distance  at  which  the  lora^ 
velocity  Is  2 percent  of  the  centerline  velocity. 

Preliminary  calculations  using  GCKP  were  made  to  determine  the  regions 
In  the  exhaust  plume  of  an  afterburning  engine  where  significant  chemical 
reactions  take  place.  Figure  1 shows  an  example  of  chemical  kinetic  calcu- 
lations made  at  the  conditions  of  an  augmentor  exhaust  plume.  Stoichiometric 
combustion  products  at  eciullibrlum  conditions  were  assumed  to  be  instan- 
taneously mixed  with  ambient  air.  The  initial  CO  mole  fraction,  (Xcol^,  for 
each  mixture  Is  shown  in  the  figure.  The  progress  of  the  CO  consumption 
was  then  monitored  with  the  GCKP  program.  Reaction  progress  Is  shown  after 
0.1,  1.0,  and  10  milliseconds.  The  curves  illustrate  that  the  maximum  consump- 
tion rate  occurs  near  an  equivalence  ratio  of  0.5,  with  much  slower  rates  at 
the  lower  temperatures  existing  at  an  equivalence  ratio  of  0.3.  It  should  be 
noted  that  this  calculation  Is  merely  the  kinetic  calculation  and  does  not 
include  mixing  effects. 

From  this  preliminary  calculation.  It  was  concluded  that  the  continuing 
chemical  reactions  In  the  plume  beyond  the  point  where  the  centerline  concen- 
trations have  mixed  below  an  equivalence  ratio  of  0.3  would  have  only  a very 
small  effect  on  the  final  emission  level.  From  the  JKTMTX  calculations,  this 
condition  was  expected  to  occur  In  the  region  near  15  jet  diameters  do^vnstream 
of  the  engine  exit,  for  the  condition  where  a stoichiometric  mixture  exists 
near  the  nozzle  exit;  that  Is,  for  the  maximum  reheat  condition.  For  lower 
reheat  settings,  the  region  of  continuing  CO  oxidation  would  be  close  to  the 
nozzle.  These  initial  calculations  thus  indicated  that  the  originally  pro- 
posed axial  sampling  stations  appropriately  bracketed  the  region  of  continu- 
ing reactions.  These  five  Initially  proposed  axial  sampling  locations  were 
at  the  nozzle  exit  and  at  3,  6,  12,  and  24  nozzle  diameters  downstream. 

As  part  of  the  early  investigations  of  mixing  and  reactions  in  the  plume, 
the  JETMtX  program  was  used  to  provide  some  special  details  of  the  plume 
mixing  field  not  previously  determined.  Kormally,  the  JETMIX  program  is 
applied  to  uniform  afterburner  temperature  profiles  and  to  simple  radial 
profiles.  In  this  special  case,  in  the  presence  of  a uniform  temperature 
profile  at  the  nozzle  exit  plane,  a concentrated  composition  or  emissions 
peak  was  Input  and  Its  spreading  through  the  plume  was  calculated. 

An  example  of  the  calculated  results  is  presented  in  Figure  2.  The 
initial  composition  streak  Is  at  the  outer  edge  of  the  afterburner  exit.  The 
figure  shows  the  spread  of  this  emissions  streak  as  it  mixes  in  the  plume. 

In  the  first  three  engine  diameters  aft  of  the  engine,  none  of  the  species 
has  yet  reached  the  plume  centerline.  Figure  3 shows  the  effect  of  contlnviod 
mixing  at  8 and  15  diameters.  Also  shown  for  comparison  In  Figure  3 is  the 
simultaneously  calculated  temperature  profile.  At  the  15-diameter  station, 
the  temperature  profile  and  the  emissions  species  profile  have  almost  the 
same  shape.  Since  the  temperature  began  as  a uniform  condition  at  the  engine 
exit,  this  demonstrates  that  after  15  diameters,  streak  effects  from  the 
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Figure  1.  Consumption  of  CO  in  Equilibrium  Stoichiometric  Combustion 
Products  which  have  been  Rapidly  Dilut«'d  with  Air  to  the 
Indicated  Equivalence  Ratio. 
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augmentor  have  essentially  mixed  to  the  equivalent  of  a uniform  engine  exit 
efflission  level.  However,  since  the  tes^erature  histories  to  this  station 
are  quite  different  between  the  streak  and  the  uniform  case,  the  chemical 
kinetics  may  show  very  significant  differences  in  the  actual  final  calculated 
emissions  levels.  At  eight  engine  diameters  there  is  still  a significant 
difference  between  the  temperature  profile  and  the  emissions  streak  profile. 

These  calculations  demonstrated  the  extremely  Intense  mixing  which  occurs 
In  the  plume  outside  of  the  potential  core.  Due  to  tills  intense  mixing,  the 
concentration  profiles  will  be  similar,  at  distances  far  enough  removed  from 
the  exhaust  nozzle,  regardless  of  the  Initial  distribution  at  the  exhaust 
plane.  This  concept  forms  the  basis  for  the  "far  plume"  measurement  proce- 
dure which  was  developed  In  this  program. 


3.3  PROBES  FOR  AFTERBURNER  ElMAUST  MEASUREMENTS 

3.3.1  General  Considerations  1 

For  the  afterburner  emissions  measurements  made  in  Phase  II  of  this 
program,  a complete  plume  survey  was  required  at  several  engine  power  settings 
up  to  maximum  afterburner  power.  For  an  engine  at  maximum  afterburner  power 
in  sea  level  static  operation,  local  total  temperatures  at  the  exhaust  plane 
may  reach  levels  as  high  as  3600°  F.  This  corresponds  to  nearly  equilibrium 
temperatures  at  stoichiometric  fuel-air  ratio.  Corresponding  local  total  ’ 

pressures  are  typically  in  the  range  30  to  40  pslo.  Very  careful  design  of  l 

the  probe  is  required  to  withstand  such  severe  environments. 

At  the  other  extreme  of  conditions,  near  the  edge  of  the  plume,  tempera-  ' 

tures  and  pressures  are  near  the  ambient  values.  Reliable  sampling  and 

subsequent  accurate  analyses  of  the  exhaust  gases  over  this  extremely  wide  ! 

range  of  conditions  was  one  of  the  most  challenging  problems  of  this  program. 

It  was  determined  that  two  pairs  of  probes  would  be  used  for  the  plume  surveys 
Tlie  high  temperature  probes  were  used  at  axial  sampling  locations  where 

temperatures  exceeded  2000°  F.  The  low  temperature  probes  had  a much  longer  j 

span  and  were  used  at  the  downstream  sampling  stations  where  temperatures 

were  below  2000°  F.  The  major  factor  in  choosing  the  movable  single-element 

probes  over  the  fixed-rake  array  was  the  much  greater  adaptability  of  the 

movable  probes  to  the  various  engine  sizes  and  axial  sampling  stations. 

The  high  temperatures  at  the  exliaust  planes  required  special  construction 
of  the  probe  tip  to  quench,  or  freeze,  the  chemical  reactions  at.  the  probe 
entrance.  These  qulck-quench  probes  were  constructed  in  sucli  a way  that 
reactions  were  frozen  at  the  probe  entrance  by  rapid  expansion  of  the  ga.s  to 
lower  pressure,  and  by  cooling  of  the  sample  by  conduction  to  the  walls. 

Since  there  could  be  quite  severe  and  somewhat  unpredictable  gradients 
in  the  exhaust  stream,  it  was  necessary  to  determine  the  local  mass  flow  so 
that  the  individual  samples  could  be  properly  weighted.  Once  the  local  mass 
flow  was  determined,  along  with  the  gas  composition,  tiien  the  local  flux  of 
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all  gas  apaclas  could  be  evaluated.  This  method  also  allowed  calculation  of 
total  carbon  flux  in  the  plume  for  comparison  with  the  total  carbon  in  the 
engine  fuel  flow.  This  redundant  Information  provided  a valuable  check  on 
the  overall  sample  consistency. 


3.3.2  Probe  Cooling 

An  Important  consideration  In  thr  design  of  the  sampling  probe,  especially 
at  sample  locations  near  the  exhaust  noxxle,  was  the  method  of  cooling  the 
probe.  While  the  probe  itself  must  be  cooled  sufficiently  to  maintain 
structural  integrity,  a conflicting  requirement  was  that  the  sample  line  must 
be  kept  hot  enough  to  prevent  condensation  of  hydrocarbons  and  water.  Ideally, 
the  probe  would  be  maintained  at  about  300*  F,  the  same  temperature  as  required 
for  the  sample  line.  This  presented  considerable  difficulty  in  the  nozzle 
exit  plane  where  heat  fluxes  to  the  probe  are  extremely  high.  Several  types 
of  cooling  media  were  considered  for  use  in  maintaining  the  probe  at  300*  F. 
Among  these  cooling  media  were  steam,  pressurized  water,  and  various  types  of 
heat  transfer  salts,  these  were  all  rejected  for  various  reasons. 

A second  approach  to  maintaining  the  probe  at  300“  F was  to  use  a dual- 
fluid  system  where  the  probe  coolant  circuit  Is  separate  from  the  sample 
heating  circuit  within  the  probe.  This  approach  was  undesirable  due  to  the 
considerable  expense  and  complexity  involved  in  the  construction  and  opera- 
tion of  such  a probe. 

Consideration  of  the  various  alternatives  favored  the  use  of  a low 
pressure,  heated  water  system  for  probe  cooling,  if  it  could  be  determined 
that  temperatures  as  low  as  the  range  130“  F to  180*  F could  be  tolerated. 

With  this  objective,  a relatively  simple  test  was  performed  using  an  exist- 
ing small-scale  combustion  system. 

The  combustion  system  was  Instrumented  with  two  probes.  One  probe, 
the  one  normally  used  for  gas  sampling  in  this  system,  was  cooled  with  heated 
water  (about  150“  F)  in  the  usual  way.  The  other  probe  was  cooled  by  oil 
pumped  from  a special  oil  reservoir.  The  temperature  of  this  oil  could  be 
varied  from  300"  F to  95“  F.  A 50-foot  section  of  sample  line  connected  to 
the  oil-cooled  probe  was  also  heated  by  circulation  of  the  same  oil.  Samples 
from  each  probe  were  analyzed  with  a gas  chromatograph  and  flame  ionization 
hydrocarbon  analyzer. 

The  rig  was  operated  with  pilot  burner  only,  a total  fuel-air  ratio  of 
about  0.01,  and  an  air  inlet  temperature  of  340“  F.  The  sample  from  the 
water-cooled  probe  was  analyzed  to  monitor  the  burner  stability,  while  the 
coolant  temperature  of  the  oil-cooled  probe  was  slowly  varied  from  300*  F to 
95*  F.  As  shown  in  Figure  4,  the  oil-cooled  probe  gave  a relatively  constant 
level  of  HC  (2800-3000  ppm)  over  the  complete  range  of  coolant  temperatures. 

In  Figure  4,  the  corrected  HC  concentration  is  plotted  against  probe  coolant 
temperatures,  where  the  corrected  value  is; 
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Probe  Coolant  Temperature,  F 


Figure  4,  Results  of  Probe  Coolant  Test, 


HC  (Corrected)  = x HC  (Reference) 

HC  (Reference)  .iv^: 

The  reference  value  was  obtained  tlirouRh  the  water-cocilecl  probe.  Klgiiri'  , 
thus,  shows  that  a portion  of  the  variation  In  HC  concentration  was  actual Iv 
due  to  variation  In  the  burner  Itself. 

It  should  be  noted  that  this  simple  test  did  not  cover  the  complete 
range  of  possible  conditions  which  could  be  encountered  in  emissions  sampling 
of  afterburning  engines,  Tt  was,  however,  a relatively  severe  test  in  that 
not  only  was  the  probe  coolant  temperature  varied,  but  also  the  temperature 
of  the  adjacent  50  feet  of  sample  line. 

It  had  been  determined  previously  that  heated-water  cooling  of  the  probe 
was  the  most  attractive  of  several  cooling  schemes  considered.  The  results 
of  this  test  further  favored  the  choice  of  this  method.  It  was  necessary  to 
sat  a lower  limit  about  130“  F on  the  coolant  temperature  in  order  to 
prevent  condensation  of  water  in  the  sample  lines. 

In  a similar  test  reported  recently  (Reference  1),  no  significant 
difference  In  HC  concentration  was  noted  over  sample  line  temperatures  rang- 
ing from  150“  F to  350“  F. 


3.3.3  Quenching  of  Gas  Sample 

Quenching  of  the  sample  gases  at  the  probe  orifice  was  required  at  the 
high  temperatures  to  prevent  continued  chemical  reaction  within  the  probe 
which  would  give  distorted  values  of  the  gas  composition.  In  these  probes, 
quenching  of  the  gas  sample  was  accomplished  by: 

• Water  cooling  of  the  probe. 

• Providing  a diverging  passage  leading  awa/  from  the  probe  tip. 

• Reducing  the  sample  line  pressure  to  provide  a pressure  ratio  of  5 
to  1,  or  more,  across  the  probe  tip. 

The  diverging  passage  in  conjunction  with  tb.e  low  pressure  in  the  probe 
created  a short  supersonic  expansion  which  reduced  the  static  pressure  of  the 
.ras  streem.  This  action  combined  with  the  wall  cooling  effect  provided  the 
necessary  quenching  of  the  chemical  reactions. 

Although  expansion  of  the  exhaust  gases  across  the  probe  orifice  crupled 
with  conductive  cooling  to  the  Interior  walls  of  the  probe  are  effective  in 
quenching  reactions  within  the  probe,  the  processes  above  are  apparently  not 
sufficient  to  freeze  the  reactions.  A calculation  based  on  reaction  kinetics 
In  a homogeneous  stream  will  generally  show  a large  fractional  reduction  in 
reactive  species  within  the  probe,  that  is,  a lack  of  quenching.  It  is 
known,  however,  that  quenching  probes  are  considerably  more  effective  than 
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indicatea  by  such  calculations.  The  reason  for  this  la  that  .simplified  c.il- 
culatlon  neglects  the  axial  heterogeneity  of  the  exhaust  .stream,  ConKidera- 
tlon  of  this  axial  heterogeneity  Is  a key  element  in  the  formulation  of  the 
plume  model,  to  he  described  in  detail  in  the  next  section  of  this  report. 
Thiis,  while  the  effects  of  gas  expansion  and  cooling  can  qualitatively  be 
demonstrated  by  rather  straightforward  calculations,  a thorough  analytical 
treatment  of  gas  compositional  changes  within  the  probe  would  be  extrenely 
complex  due  to  the  stream  hererogenelty  and  was  not  attempted  on  this 
program. 

The  required  flow  through  the  sample  system  was  determined  by  the  gas 
sample  flow  rote  required  at  the  analyzers.  Once  this  flow  was  determined, 
the  probe  orifice  was  sized  so  as  to  give  critical  flow  across  the  orifice. 
The  gas  sample  pump  was  then  chosen  to  give  the  required  inlet  and  outlet 
pressure  with  the  selected  flow  rate. 

In  Che  design  of  the  quick-qucnch  probes,  copper  -Sampling  tips  were 
u.sed.  Hi  is  w;>H  CO  provide  good  heat  transfer  from  Che  water  cooled  region 
out  to  the  end  of  the  tip.  Although  copper  is  not  generally  recommended  for 
use  in  measuring  NO^j,  this  short  lengtu  of  the  copper  tip  in  contact  with 
the  gas  sample  would  probably  have  negligible  effect  on  the  NO^  readings. 


3.3.4  High  Temperature  Probe  Design 

The  high  temperature  probe  assembly  was  60  Inches  long  from  the  gas 
sample  orifice  to  the  axis  of  rotation.  The  probe  assembly  consisted  of 
three  separable  components  - the  probe,  probe  support  body,  and  probe  support 
arm.  Both  the  probe  and  probe  support  body  were  separately  water-cooled. 

The  probe  support  arm  was  uncooled.  A sketch  of  the  high  temperature  probe 
assembly  is  shown  In  Figure  5. 

ITie  tips  of  the  high  temperature  probe  contained  both  total  pressure  .and 
gas  sample  orifices,  as  shown  in  Figure  6.  Since  the  orifices  were  separated 
by  only  0.188  indi,  very  careful  design  of  the  sensor  tip  w.as  required  to 
assure  th.nt  a continuoit-!  sampling  flow  through  one  orifice  would  not  inter- 
fere with  Che  total  pressure  measurement  at  the  other  orifice.  A model  of 
the  probe  tip  w.is  constructed  .and  aerodynamical  ly  calibrated  to  verify  the 
measurement  of  total  pressure  during  continuous  gas  sampling. 

Each  hlgii  temperature  probe  was  positioned  by  a "windshield  wiper"  type 
actuato  , which  consisted  of  an  electric  motor  and  reduction  gear  train 
turning  the  shaft  to  which  the  probe  assen4>ly  was  fixed.  The  probe  assetrbly 
and  actuator  mounted  behind  the  J85-5  engine  is  shown  in  Figure  7.  The 
actuators  were  so  placed  that  each  probe  swept  In  an  arc  through  the  engine 
centerline.  The  angular  position  of  the  actuator  shaft  w.ns  measured  by  a 
CQlibf.ated  potentiometer  affixed  to  the  shaft.  This  ancular  position,  along 
vith  fixed  geometric.al  facr'^'s,  was  used  to  determine  the  probe  rip  radial 
location  with  respect  to  tlie  engine  centerline. 
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3.3.5  Low  Temperature  Probe  Dealun 


The  low  temperature  probe  was  ]0  feet  long,  as  measured  fri'in  the  gas 
sample  tip  to  the  axis  of  rotation,  and  the  axis  of  rotation  was  loeateil 
4.93  feet  from  ground  level.  The  low  temperature  prohe  system  conslstetl  ni 
the  probe  Itself,  actuator,  and  stand,  as  shown  In  Figure  8.  Tlie  end  of  tlie 
probe  contained  a total  and  static  pressure  tube,  a gas  sample  orifice,  and 
a thermocouple.  The  end  of  the  probe  was  removable,  so  that  in  the  event  of 
damage  to  the  elements,  the  entire  end  of  the  probe  could  be  replaced.  Figure 
9 shows  the  probe  end. 

The  probe  was  positioned  by  a screw-type  actuator  (Duff-Norton  Company 
"Jactuator"  I1ICM4802-36-B-1)  with  36-lnch  stroke.  The  actuator  system  was 
designed  for  a total  travel  of  130  degrees.  The  angular  position  of  the  probe 
was  measured  by  a calibrated  potentiometer  similar  to  that  used  for  the  high 
temperature  probes.  The  support  stands  for  the  low  temperature  probes  were 
anchored  directly  to  the  reinforced  concrete  pad  extending  behind  the  engine 
test  stand. 

Figure  10  shows  the  low  temperature  probe  attached  to  the  concrete  at 
the  60-foot  axial  station.  At  the  time  of  this  photograph,  a pneumatic 
dampener  had  been  added  to  Improve  stability  of  the  probe  in  the  extremely 
turbulent  exhaust  plume. 


3.4  EMISSIONS  SAMPLING  AND  ANALYSIS  SYSTEM 


The  basic  elements  of  the  emissions  sampling  and  analysis  system  used  in 
the  Phase  II  and  Phase  III  tests  are  shown  in  Figure  11.  Two  separate  sample 
lines  connected  the  probes  to  the  gaseous  emissions  and  smoke  measurement 
equipment  through  a double,  three-way  valve  system.  With  this  arrangement, 
smoke  was  sampled  from  one  probe  while  gaseous  emissions  were  analyzed  from 
the  other  probe.  The  pumps  immediately  downstream  of  each  probe  provided  the 
reduced  pressure  within  the  probe  necessary  for  rapid  quenching  of  the  exhaust 
sample.  These  pumps  were  Contamination  Control,  Inc.,  Model  299  four-stage 
"Dlavac"  pumps  and  were  sized  to  maintain  a pressure  in  the  probe  of  about 
6 psla. 

The  sample  line  connecting  the  sample  pumps  to  the  heated  valve  box  was 
a steam-traced  "Dekoron"  tube  bundle.  The  length  of  the  line  between  the 
probe  pumps  and  the  valve  box  was  approximately  100  feet.  The  steam  generator 
was  an  Ebcor  electrode  boiler.  Model  5-240-4,  rated  at  250  pslg,  5 Bhp,  173 
lb  per  hr,  50  KW.  All  sample  lines  from  the  probe  exit  to  the  analyzer  unit 
were  steam-traced  and  maintained  at  a temperature  of  about  300®  F during  the 
tests. 

Heated  water  for  probe  cooling  was  circulated  from  a 500-gallon  tank 
through  the  probes  by  a 50  gpm  electric  pump.  Water  in  the  tank  was  main- 
tained at  160  to  180°  F by  a thermostatically  controlled  electric  heater. 
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Figure  8.  Low  Temperature  Probe  System 


Figure  10.  Low  Temperature  Probe  System  with  Pneumatic  Damper  Addod  for 
Improved  Stability. 
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Th«  gaseous)  emissions  analysis  system  consisted  of  four  separate 
inalysers,  all  manufactured  by  Beckman  InstrumentSi  Inc.$  the  system  was 
issembled  by  General  Electric.  The  CO  (Model  8SS)  and  CO2  (Model  864) 
malyaers  were  both  nondlspersive  infrared  (NDIR)  instruments.  To  minlmiae 
;ater  Interference,  the  settle  was  dried  by  an  Ice  trap  before  entering  the 
n)IR  Instruments.  The  N0,(  analyser  was  a Model  951  heated  Chemiluminescence 
Utalyaer,  and  the  HC  analyser  was  a Model  402  flame  ionization  detector  (FTD) 
Instrument.  No  traps  were  used  In  the  NOx  and  FID  lines,  and  the  sample 
temperature  was  maintained  above  the  maximum  dewpoint  (130®  P)  of  the  sample 
gas. 
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I ANALVTICAL  PUME  MODEL  DEVELOPHENT  J 
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i A kay  part  of  the  afterburner  emissions  measurement  program  was  the 

I development  of  a computerlaed  analytical  model  of  the  simultaneous  mixing  and 

i chemical  reaction  processes  that  can  occur  In  the  plumes  of  afterburning 

{ engines.  This  model  was  developed  so  that  local  concentrations  of  the  various 

\ exhaust  gases,  at  any  axial  station  and  radial  position  downstream  of  the 

; engine  exhaust  nozzle,  may  be  calculated  from  the  Initial  exhaust  plane  values, 

I Tliis  model  not  only  permits  calculation  of  final  et^ssions  levels  from  exhaust 

; plane  data,  but  also  permits  investigation  of  the  effects  of  such  factors  as 

i engine  size,  ambient  conditions,  altitude,  flight  Mach  number,  etc.  Initial 

development  of  the  model  was  accomplished  In  Phase  I of  the  program,  and 
refinement  and  validation  occurred  In  Phase  II. 

This  Section  contains  a discussion  of  the  analytical  methods  used  in  the 
development  of  the  model.  Comparison  of  the  predictions  of  the  model  with 
actual  plume  measurements  made  at  various  axial  locations  behind  afterburning 
I engines  Is  presented  In  Section  6.0  of  this  report. 
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4.1 


METHODS  OF  ANALYSIS 


The  analytical  model  of  the  physical  and  chemical  processes  occurring  in 
the  exhaust  plume  of  afterburning  gas  turbine  engines  was  formulated  from  a 
. cries  of  computer  programs.  This  formulation  utilized  existing  programs 
where  appropriate,  and  new  programs  were  written  as  required.  The  major 
pre-existing  elements,  which  formed  a sound  base  on  which  to  structure  the 
model,  were:  (a)  the  steady-state  turbulent  gas  Jet  mixing  analysis  used  in 

the  General  Electric  computer  program  JETMIX  (Reference  2);  (b)  a formal 
solution  of  gas-phase  chemical  reaction  kinetics  equations  developed  by 
NASA-Lewis  Research  Center  (Reference  3):  and  (c)  an  approximate  combustion 
gas  kinetics  analysis  formulated  at  General  Electric  as  an  extension  of 
techniques  developed  for  hydrogen-fueled  hypersonic  ramjets  (Reference  4) . 

Physical  parameters  input  to  the  model  Include:  ambient  air  properties 

(temperature,  pressure,  humidity,  flight  speed);  fuel  properties  (temperature, 
hydrogen  content,  heating  value);  engine  cycle  parameters  (ram  air  tempera- 
ture, bypass  ratio,  main  combustor  fuel-air  ratio  and  CO  and  NOx  emissions 
Indices,  fan  discharge  temperature,  exhaust  Jet  diameter);  and  exhaust  Jet 
survey  probe  data  at  several  points  (radial  location,  impact  pressure,  gas 
sample  analysis).  The  gas  anaxysia  requires  volumetric  determination  of  CO 
and  CO2  with  the  sample  dried  to  saturation  at  32“  F,  and  total  HC  (as 
slngle-carbon-atom  molecules)  and  total  NOx  sample  water  content  as- 

sampled  . 

The  composition  and  properties  of  the  gas  flow  at  each  probe  measurement 
point  are  derived  from  the  measurements.  In  this  derivation,  the  gas  composi- 
tion at  a point  in  the  flow  Is  assumed  to  be  heterogeneous  or  time-varying. 

This  assumption  was  chosen  In  preference  to  a homogeneous  gas  with  nonequlli- 
brium  chemical  composition,  because  examination  of  chemical  reaction  kinetics 
indicated  that,  under  high  temperature  afterburner  conditions,  the  reactions 
would  proceed  to  equilibrium  in  a few  inches.  The  existence  of  nonequllibrium 
concentrations  of  CO  and  hydrocarbons  in  the  gas  samples  is  better  explained 
by  postulating  that,  over  a part  of  Che  sampling  time,  the  probe  was  Inmiersed 
In  a gas  mixture  much  richer  or  much  leaner  than  Che  mean  fuel  concentration 
of  the  sample. 

The  flow  is  assumed  to  be  axlsymmetric  so  that  the  gas  properties  at  each 
sample  point  are  applied  to  the  flow  In  an  annular  streamtube.  The  time- 
average  properties  of  the  flow  in  each  tube  are  also  computed. 

The  Intermixing  of  the  annular  streamtubes  and  the  diffusion  of  the  Jet 
Into  Che  static  or  moving  ambient  air  are  computed  by  the  JETMIX  analysis 
(Reference  2),  which  performs  a numerical  solution  of  the  differential 
equations  of  continuity  of  mass,  tramencum,  energy,  gas  species,  and  turbulence 
kinetic  energy.  The  flow  initially  in  each  of  the  streamtubes  assigned  to  each 
sample  point  Is  treated  as  a separate  gas,  as  is  the  ambient  air.  These  gases 
are  treated  as  homogeneous,  Inert,  ideal  gases  with  constant  specific  heats. 

Any  Increase  in  total  temperature  due  to  chemical  reactions  is  calculated  later, 
but  It  is  assumed  that  the  density  change  is  not  sufficient  to  Influence  the 
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mixing.  In  an  afcerburntr,  the  combustion  reactions  should  be  essentially 
complete  upstream  of  the  exhaust  notale,  so  that  the  reactions  continuing  Into 
the  exhaust  plume  are  only  consuming  trace  contaminants. 

A.  differential  equation  governing  the  formation,  convection,  and  decay 
of  a characteristic  of  the  gas  heterogeneity  is  solved  numerically  throughout 
the  flow  field,  using  the  previously  calculated  properties  of  the  flow.  This 
concept  was  taken  from  the  works  of  Spalding  (Retorences  5,  6,  and  7). 

The  nonreacting  flow  field  solution  provided  by  the  JETMIX  analysis  and 
the  Spalding  heterogeneity  solution  are  not  used  directly  by  the  plume  model, 
but  rather  are  used  to  guide  the  mixing  between  and  homogenization  within  a 
fixed  number  of  computation  tubes  extended  from  the  original  streamtubes 
assigned  to  each  sample  point.  This  approach  is  taken  to  minimize  the  number 
of  chemical  kinetics  calculations.  The  computation  proceeds  in  axial  steps 
through  the  plume.  The  gas  composition  in  each  tube  is  modified  by  inter-tubc 
mixing  and  intra-tube  homogenization  at  each  step.  After  several  steps,  the 
gas  composition  is  further  modified  by  chemical  reactions  over  a time  incre- 
ment corresponding  to  the  step  length  and  local  velocity. 

A choice  of  two  chemical  reaction  kinetics  analyses  is  provided.  One  of 
these,  GCKP,  consists  of  a numerical  solution  of  simultaneous  differential 
equations  formed  from  the  forward  and  reverse  raction  rates  of  a system  of  23 
two-  and  three-molecule  collision  reactions.  Although  having  a high  degree 
of  rigor,  GCKP  is  computationally  cumbersome.  The  alternate  kinetics  analysis, 
SCKF,  utilizes  approximations  applicable  to  high-temperature  combustion 
reactions  to  achieve  computational  efficiency.  These  approximations  are 
associated  with  a radical  pool  in  pseudo-equilibrium,  the  decay  of  which  is 
paced  by  selected  three-body  reactions. 

Neither  chemical  kinetics  analysis  treats  consumption  of  unburned 
hydrocarbons.  This  is  done  with  a phenomenological  technique  using  an  empiri- 
cal relation  of  ignition  delay  for  kerosene  as  a function  of  temperature. 

At  preselected  axial  locations,  the  model  performs  a summation  ot  fuel 
and  contaminant  flow  in  each  computation  rube,  providing  predicted  values  of 
local  and  overall  emissions  Indices.  When  all  local  gas  temperatures  have 
been  reduced  to  the  point  where  chemical  reactions  cease,  Che  emissions  indices 
will  not  change  with  length.  These  are  then  the  true  residual  emissions. 
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4.2  TWO-P/^T  MODEL  OF  HETEROGEKEOUS  GAS  FLOW 


A detailed  description  of  the  heterogeneous  gas  flow  at  each  probe  loca>' 
tlon  In  the  engine  exhaust  plane  Is  constructed  from  the  probe  Impact  pressure, 
the  measured  or  assumed  statl”  pressure,  and  the  gas  sample  analysis.  For 
computational  expediency,  only  two  gas  mixtures  are  assumed  to  exist  at  each 
point  In  space:  the  cold  part  contains  all  of  the  measured  hydrocarbons,  plus 

turbine  discharge  gas  bearing  a proportional  amount  of  any  CO  and  MOx  emitted 
from  the  main  combustor  and,  optionally,  some  bypass  fan  air  or  nozzle  secondary 
air;  the  hot  part  contains  the  balance  of  the  fuel  and  air  and  Is  In  chemical 
equlllbrlisa  at  the  nozzle  exit  plane. 


4.2.1  Sample  Fuel-Air  Ratio  and  Emissions  Indices 

Tbe  fuel-air  mass  ratio  of  each  gas  sample,  f^,  and  the  emission  indices 
(pounds  contaminant  per  pound  fuel)  for  CO,  NO^  (as  MO2) , and  unbumed  hydro- 
carbons, are  derived  from  the  gas  sample  analysis. _ The  procedure  is  to  solve 
three  linear  equations  for  the  unknown  quantities  fg,  (total  moles  of  sample 
per  pound  of  air),  and  (moles  of  dry  sample,  water  removed,  per  pound  of 
air) : 


““c]  "I  - •“”01  <«CO  * ««2)  «■>  - 

“ (ii^)  Riic  Mx  + [.503101  (Rco  + BSy^)  “ U »%  + i (1) 

= 5 %C  MT  + .2515505  n(Rco  + RC0z>  “D 


These  equations  are  derived  in  Appendix  A,  Part  1.  The  symbol  n represents 
the  hydrogen-to-carbon  atom  ratio  of  the  fuel,  mf  Is  the  fuel  molecular  weight 
(the  fuel  molecule  formula  Is  assumed  to  be  CxqHio^) , mg  Is  the  molecular 
weight  of  dry  air,  a Is  the  air  humidity  (lb  water/lb  dry  air),  nnj20  the 
molecular  weight  of  water,  Rcq  and  RCO2  the  gas  analyzer  reodings  for 
CO  and  CO2  (moles  constituent  per  mole  sample  dried  to  492®  R saturation), 

RjjC  and  ^nOx  gas  analyzer  readings  for  total  hydrocarbons  (as  CH4)  and 
nitrogen  oxides  (moles  constituent  per  mole  undried  sample),  and  RH2  is  moles 
H2  per  mole  dried  sample,  derived  from  Kqq  by  an  empirical  relation: 


BH2 

^0 


1h2 

Rco 


0.2  (100  Rco)^'^^ 

0.0147  (100  Rco)^'^^^ 


Rco  1 0.091022292 
Rco  > 0.091022292 


(2) 
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This  empirical  relation  had  been  developed  at  General  Electric  from  a 
study  of  a large  number  of  gaa  analyses  from  a variety  of  burners. 

The  emissions  indices  are  then  calculated  as 

EIHC  = Knc(?J)(|i)  (3) 

‘■s 

VT  CM  /I. 006202  Md\ 

= ''^0  ^CO  = 

EInOx  ^ %0x  (^)  C’) 


Emissions  indices  ate  handled  internally  in  the  model  as  pounds  per  pound 
of  fuel,  rather  than  the  conventional  pounds  per  thousand  pounds  oi  tuel. 

4.2.2  Local  Vitiated  Air  Properties 

The  cold  part  of  the  two-part  heterogeneous  gas  stream  is  assumed  to 
consi.st  of  vitiated  air  (air  burned  with  main  combustor  fuel),  plus  the  measurea 
unburned  hydrocarbons.  The  properties  of  the  air  that  arrives  at  each  probe 
sampling  location  in  the  exhaust  gas  stream  are  a function  of  certain  engine 
operating  parameters.  The  nomenclature  used  to  describe  these  parameters 
uses  engine  cycle  stations  illustrated  in  Figure  12. 

Work  is  extracted  from  the  core  ait  stream  to  compress  the  fan  air. 
Neglecting  work  extracted  from  the  main  combustor  fuel  flow, 


h2  - ha^  = o (h23  - h2> 


\b) 


where  li2  and  h^^  are  the  wet  air  specific  enthalpies  corresponding  to  engine 
inlet  and  fan  discharge  total  temperatures  T2  and  T25,  I'a 5 the  eninalpy  01 
air  that  would  react  with  tuel-air  ratio  to  produce  turbine  discharge  total 
temperature  T5,  and  d is  ttie  engine  bypass  ratio 


= W25/W2C 


(7) 


Mixing  of  the  tan  and  turbine  discharge  stream  may  be  incompleco  at  tlie 
probe  survey  plane,  so  that  the  local  effective  bypass  ratio  may  not  be  equal 
Co  the  engine  cycle  bypass  ratio.  To  provide  for  this  contingency,  a local 
bypass  ratio  defined  so  that  the  local  ratio  of  main  combustor  fuel  to 

dry  air  is 


•T3 


f5i 


_ f5 


1 + Bl 


(B) 


The  value  of  Bi,  at  each  radial  location  may  be  estimated  by  measuring 
local  fuel-air  ratio  with  the  engine  at  military  power  setting,  where  all  fuel 
sampled  is  main  combustor  fuel,  and  assuming  that  the  afterburner  combustion 
does  not  alter  the  radial  variation  of  0j^.  For  turbojet  engines,  B = Bl  = 
unless  nozzle  secondary  air  Is  sampled  near_the  fringe  of  the  Jet,  when  a 
positive  6l  may  be  required  to  account  for  fg  < f5. 

The  local  effective  air  enthalpy  Is 

haL  = ^ (5) 

1 + Sl 


The  composition  of  the  vitiated  air  which,  with  the  measured  unburned 
hydrocarbons,  will  form  the  cold  part  of  the  two-part  heterogeneous  gas 
mixture  is  computed  by  writing  the  formula  for  partial  combustion  of  the  main 
combustor  fuel: 


~ Cio  Hion  “ (.209495  O2  + .780881  N2  + .009324 

Ui£  *•  a. 

+ .0003  CO2I  + H2O  - g2n2  + gZ02  + 8ZH20H20  (10) 

+ gZ^oCO  + gZco2^‘^2  + 82.12^2 


where  g = i + f ^ 

and  the  Z^'s  are  moles  of  species  i per  pound  of  mixture.  The  CO  and  NUj; 
emissions  from  the  main  combustor  are  assumed  to  remain  in  the  vitiated  air. 


S^co  " f5L(Elco)c('"CO 

(11) 

B^NO  “ t5L(i:fNOx)c^"*f<02 

(12) 

The 
was  used 


hydrogen  Is  assumed  to  be  related  to  the  CO  by  the  same  ratio  as 
in  Sertio.i  4.2.1  above: 


ZH2  -CO 

V'CO/ 


(13) 
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Consiseusnt  taass  balances  then  provide: 


gZH20  “ ^ “ 8ZH2 

(lA) 

gZcOo  ^ + .0003  ... 

(15) 

^ fflf  Wa 

„ '.780881  . e... 

“a  * ^^^’"*0 

(16) 

/.20949S  + .0003\.  . /a  \ „ 

gZ02  - y jq -j+  .5  -^sZco  “ *^«^N0  “ -^gZH^O  “ g^C02  (17) 


.00932A 

m 

a 


(18) 


A . 2 . 3 Proportion  and  Coaposltton  of  Each  Part  of  Heterotjeneous  Gas 

The  procedure  for  determining  the  properties  of  the  two-part  heterogene'^us 
gas  at  each  sample  point  is  an  iterative  one,  In  which  the  mass  fraction  of  not 
gas  in  the  sample  is  estimated,  the  composition  and  properties  of  both  hot 
and  cold  parts  are  computed,  then  the  calculated  CO  emissions  index  Is 
compared  with  the  measured  value  and  a new  estimate  of  the  proportion  of  hot 
gas  is  made  if  necessary. 

The  hot  and  cold  parts  are  assumed  to  be  moving  at  the  sane  stream 
velocity,  and  are  assumed  to  remain  separate  in  the  sampling  process  until 
sufficient  cooling  to  quench  CO  reaction  has  occurred.  Because  of  gas  density 
differences,  the  sampling  rates  for  hot  and  cold  gases  are  different,  result- 
ing in  proportions  of  hot  and  cold  parts  In  the  sample  somewhat  different  from 
those  in  the  free  streamj  this  effect  is  treated. 

The  cold  part  is  assumed  to  contain  vitiated  air  (as  defined  in  Section 
A. 2. 2 above)  and  the  measured  unburned  hydrocarbons.  The  mass  fraction  oi  the 
cold  gas  consisting  of  unburned  fuel  is  thus 


F 


u 


Fs(eihc) 
1 - ys 


(19) 


where  is  the  estimated  mass  fraction  of  hot  ga»  in  the  gas  sample  and 




1 -t-  f 3 + a 


(20) 


36 


1(4  the  muHS  iraL-tlon  ot  total  fuel  In  tlie  miKud  Huiiiplu.  Tlic  liu'l  ii\ 

the  cold  part  is  the  sum  of  the  unburned  fuel  and  Lhe  main  cnmbusttM-  luol 
contained  in  the  vitiated  air: 


t’c  “ + ‘•'H  <1  - t’u) 


where 


'■^1.  “ 

The  hot  part  contains  tlie  balance  of  the  total  fuel: 


(nb) 


+ (•  • ysii'o 


The  total  enthalpies  ot  ttje  hot  and  cold  rarts  are  computed  from  the 
local  effective  air  enthalpy  (Section  h .2  ,2)  and  the  absolute  enthalpy  of  the 
fuel  (Appendix  A,  Part  3)  assuming  no  heat  conduction  within  the  gas; 


(1  - I'li)  iij.L  + l-'llht 

(23) 

tiTt:  - 

(i  - t-c>  ‘*ap 

(2i) 

In  expanding  reversibl;.  tiirough  the  exiiaust  nozale  pressure  ratio  I’-jg/P, 
the  hot  part  would  normally  ittaln  velodcv 


( . A— 

( 1 )) 



‘“th 

(i’Ty)  ' 

Similarly,  for  the  cold  part. 

t -1 

- ( 5^1  ) ' 

( Jh) 

2^-fCp(_-  iTo 

If  the  spe^ilU  heats  are  nut 

grealiy  ditierent,  tiien  api  i ox  i nu  te  1 v , 

3V 


(27) 


However,  in  this  model,  the  hot  and  cold  streams  are  constrained  to  the 
same  velocity  U.  Only  part  of  the  expansion  work  of  the  hot  part  produces 
kinetic  energy;  the  rest  is  imparted  to  the  cold  part  to  Increase  its  kinetic 
energy: 


U2  »»  yu2y  + (1  - y)U^2 


The  mass  fraction  of  hot  gas  in  the  free  stream  (y)  is  not  known  at  this 
point  in  the  calculation;  however,  It  has  been  observed  that  its  value  differs 
little  from  ys,  so  that  the  approximate  correction  for  kinetic  energy  trans- 
fer is  derived  from 


- n 


g2  + (1  . yg)Ue^ 


Tlie  static  enthalpies  of  the  hot  and  cold  parts  are  thus 


hr  = hi 


Ath\/u^  \ 

.VTC/  \2gJ/ 

(g) 


The  gas  stream  velocity  U is  not  known  a priori,  but  is  estimated,  and 
the  estimate  is  subsequently  revised  until  the  calculated  time-average  probe 
Impact  pressure  agrees  with  the  measured  value.  This  calculation  will  be 
described  later  in  this  section. 

The  composition  of  cne  cold  gas  consists  of  unburned  fuel: 


<Zhc)( 
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and  vitiated  air: 


(2i)c  “ U “ Fy)  <5^1>vit.air  ^ “ “2.  02.  etc, 


(33) 


the  static  temperature  of  the  cold  gas  is  that  at  which  the  enthalpy  of 
the  gas  mixture  (Appendix  A,  Part  3)  equals  the  cold  stream  static  enthalpy: 


he  - Ro 


1 \’^K 


(34) 


The  hot  scream  carries  the  balance  of  the  measured  nitrogen  oxides: 


Xs  (Znq)h  - - (1  - ys)  (Zno>c 

“N02 


«»2)„  -(^)(«)  - «N0)„ 


(36) 


The  remainder  of  the  hot  gas  composition  is  computed  as  the  chemical 
equilibrium  composition  (with  NO  regarded  as  inert;  see  Appendix  A,  Parc  2) 
at  Che  hot  gas  static  temperature,  which,  In  turn,  is  that  at  which  the 
enthalpy  of  the  gas  mixture  (Appendix  A,  Part  3)  equals  the  hot  stream  static 
enthalpy: 

“ «oThE  (h) 

i ^ ^Th 

For  both  the  hot  and  cold  gas  mixtures,  the  thermostatic  properties  are 
calculated  as  in  Appendix  A,  Part  3,  including  specific  heat  (Cp),  molecular 
weight  (5),  specific  volume  (v) , and  sonic  velocity  (a).  In  addition,  the 
ratio  of  specific  heats  is  computed: 

Cp  Cp  (38'5 

^ ^ Cp  - Ro/- 

and  Che  Instantaneous  Mach  number: 


M “ U/a 


(39) 
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and  tha  total  tamparature : 


Tx  - T + 


(^0) 


and  the  ratio  of  total  (impact)  to  atatlc  pressure: 


p 


Y“1 


(1  + ~ m2)  when  M £ 1 


(41a) 


P-j* 


y 

Y-l 


m2  - 

\Y+1  Y+1^ 


-j“  when  M > 1 


(41b) 


These  arc  well-^known  formulae  (Reference  8,  for  example) . 

The  mass  fraction  of  hot  gas  in  the  free  stream  (which  differs  somewhat 
from  that  in  the  gas  sample)  is  computed  from  the  formula 


y 


1 + 


1 

r<PT/p)H'i  \ 

\Vc/Uc7  L<PT/P)JVW\TTH./iys  “ 7 


(42a) 


where 


w*  ^ ^ 

Pr^^gm 


(42b) 


The  volume  fraction  of  hot  gas  in  the  free  stream  is 


(43) 


The  time-average 
value,  is 


probe  impact  pressure. 


to  be  compared  with  the  measured 
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p 


+ (l-t)2 


(U) 


The  preceding  formulae  for  y,  x,  and  P<^/P  are  derived  in  Appendix  A, 
Part  4. 

Vfhen  the  atream  velocity  haa  been  adjusted  to  provide  agreement  between 
calculated  and  measured  probe  impact  pressuret  the  CO  emission  index  is 
calculated  for  comparision  with  that  derived  from  the  gas  sample  analysis: 

I^Vs  (2co)h  (i-ys)  (^co)cj 


If  agreement  is  not  attained^  a new  estimate  of  y§  (the  mass  fraction 
of  hot  gas  in  the  sample)  la  made  and  the  calculations  are  repeated. 

In  forming  new  estimates  of  y^,  three  reference  values  are  used.  The 
maximum  possible  value  is  that  at  which  the  cold  gas  contains  only  the 
measured  unburned  hydrocarbons: 


As  yg  is  reduced,  the  fuel  concentration  In  the  hot  gas  increases.  If 
the  overall  stoichiometry  Is  fuel-lean,  a point  will  be  reached  where  the 
hot  gas  fuel  concentration  is  exactly  stoichiometric.  As  yg  is  reduced  from 
ymax  to  Vstoic*  increases  slowly  due  to  equilibrium  dissociation  in 

the  hot  gas.  As  ys  is  reduced  below  ygtoic*  will  increase  much  fa;  ter 

due  to  oxygen  starvation  in  the  hot  gas.  The  stoichiometric  fuel-air  ratio 
Is 


_ ,209495  mf 

^stolc  " lOrag  (1  + ,25n) 


(47) 


The  corresponding  fuel  mass  fraction  is 

^stolc 

^stoic  = 1 + a 


(4fa) 


•11 


and  the  nass  fraction  of  hot  gas  in  the  gas  sastple  is 


ystoic  " 


- hJ  - (i  - \,)  (“hc) 

Pstoie  “ 


(49) 


The  mlniauu  value  of  yg  la  that  at  which  Fu  is  at  the  taaxlaium  value  chat 
can  be  acconaodated  by  the  procedure  for  calculation  of  equilibrium  combustion 
gas  composition  (Appendix  A,  Part  2),  which  requites  that  sufficient  air 
be  present  to  oitidiae  alJ  fuel  to  CO  and  H2> 


^max  “ 

2 (.209495)  f“f\ 
10  \m^/ 

(30) 

F - 

‘^max 

t 

max 

(51) 

i + fmax  “ 

^min 

(Fa  F5l)  . (l 

- fsi.)  f,  (eIhc) 

(52) 

Fmax  ■* 

%L 

The  first  few  estimates  of  ys  are  made  using  these  reference  values. 

Once  the  root  has  been  spanned  (that  is,  values  of  ys  have  been  identified 
that  produce  calculated  values  of  El(x)  both  higher  and  lower  than  the  measured 
value))  a quadratic  interpolation  procedure  Is  used  to  guide  convergence. 

Once  a set  of  properties  Is  found  for  Che  two-part  heterogeneous  gas  flovi 
that  Is  consistent  with  Che  probe  measurements  at  that  point,  average  gas 
properties  are  derived  for  use  by  the  JETMIX  analysis.  The  detailed  two- 
part  gas  description  Is  retained,  of  course,  for  use  in  the  subsequent  mixing, 
homogenization,  and  reaction  calculations. 

The  mean  fuel  concentration  of  the  gas  in  the  free  stream  is 


F - yF,j  + (1  - y)  Fc 


(53) 


Similarly,  the  mean  specific  heat,  molecular  weight,  and  specific  volume 

are 

Cp  = y(Cp)jj  + (1  - y)  (Cp)c  (5i) 
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^ y(=\  + (1  - 

ra  \m/H  \m  Jq 


(55) 


V = yvH  + (1  - y)vc 


(56) 


For  conslstencyt  the  mean  static  temperature  is  defined  by  the  Ideal 
gas  law: 


144  P V m 

RoJ 


(57) 


The  property  characteristic  of  gas  heterogeneity  is,  by  definition, 


C - y(FH  - F)^  + (1  - y)  (F^  “ F)^ 


(58) 


The  variation  of  this  heterogeneity  property  throughout  the  flow  field 
will  be  used  to  guide  the  subsequent  homogenization  of  the  two-part  mixtures. 
A maximum  value  of  G may  be  defined,  corresponding  to  a minimum  value  of  y: 


*^ax 


/I  - ymlft  \ 
\ ymin  }' 


- y.t« 


A value  of  ymin  = 0.3  has  been  found  useful. 


(59) 
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4.3  STEADY-STATE  TURBULENT  GAS  JET  MIXING 


noezlas  of  aost  conteaporary  gas  turbine  engines  generally  oper- 
ate near  their  ideal  expansion  ratios.  In  view  of  this,  General  Electric’s 
initial  efforts  at  the  prediction  of  the  flow  field  of  a free  jet  relied  on 
an  aerodynatnlc  analysis  which  includes  only  the  effects  of  turbulent  mixing. 
Specifically,  this  aerodynamic  model  is  of  the  viscous,  bound ary -layer  type. 
The  coaq^uterized  version  of  this  analysis  is  referred  to  as  the  JETMIX  com- 
puter program.  This  con^uter  program  solves  the  time-averaged  turbulent 
boundary  layer  equations  using  boundary  conditions  which  are  appropriate  for 
free  Jets.  The  turbulent  Reynolds*  stresses  are  Included  by  means  of  a tur- 
bulence model  which  is  based  on  a turbulent  kinetic  ener©r  concept. 

The  flow  field  under  consideration  consists  of  a plane  or  axlsyftnietrlc 
turbulent  Jet  exhausting  into  a region  of  constant  (ambient)  static  pressure. 
For  complete  generality,  the  model  would  have  included  the  effects  of  vari- 
ations in  static  pressure  throu^out  the  plume.  However,  sufficiently  de- 
tailed measurements  at  the  engine  exit  to  define  the  flow  angles  and  initial 
static  pressure  field  In  order  to  permit  subsequent  calculation  of  downstream 
variable  pressure  fields  would  be  very  difficult  to  obtain.  Furthermore, 
variation  in  static  pressures,  including  the  effects  of  expansion  and  com- 
pression waves  and  Mach  discs,  would  Involve  considerable  increased  complexity 
in  the  model.  Some  exploration  of  jet  mixing  with  supersonic  unmatched  static 
pressures  showed  only  small  effects  on  the  turbulence  generation.  In  addi- 
tion, the  moderate  variation  of  the  pressure  fields  expected  i*.i  the  cases  to 
be  analyzed  would  have  only  minor  effects  on  the  reaction  kinetics  calcula- 
tions. Therefore,  the  analyses  made  and  presented  here  all  Involve  a uniform 
static  pressure  field  assumption.  The  flow  field  Is  Illustrated  schemati- 
cally In  Figures  13  and  14  for  subsonic  and  supersonic  Jets,  respect.! vely . 

The  flow  of  diameter,  or  slot  hei^t,  (dp)  discharges  at  an  Initial  velocity 
<Up)  into  a free  stream  of  velocity  (Ug^/*  The  flow  field  is  characterized 
by  three  distinct  regions.  Region  1 consists  of  a turbulent  mixing  layer 
which  penetrates  Into  the  uniform  parallel  flow  originating  at  the  jet 
discharge.  Upon  disappearance  of  the  potential  core,  the  mixing  characteris- 
tics undergo  transition  (Region  2)  until  at  some  distance  downstream  of  the 
discharge  plane  the  velocity  profiles  tr.msverse  to  the  Jet  axis  become 
similar  (Region  3). 

The  dependent  variables  of  Interest  In  the  mixing  problem  are  the  stream- 
wise  velocity  (u) , the  transver.se  velocity(v) , the  static  temperature  (T) , 
the  turbulence  energy  (e) , and  the  constituent  mole  fractions  (a^) . If  trans- 
verse gradients  are  large,  with  respect  to  streamwise  gradients,  the  equations 
of  motion  describing  the  flow  field  may  be  reduced  to  boundary  layer  form. 

For  plane  or  axlsymmetric  flow,  the  governing  boundar'/  layer  equations  appli- 
cable to  the  free  mixing  problem  are  shown  in  Sections  4.3.1  through  4.3.4 
below. 
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4.3.1  CimUiuiUy  iMiuiit  i on 

I I Tl  , ■ I ^ I II  m ■ I j ■ ■I.Bll  ■ I 


3x  ;iy 


0 


(60) 


where;  t - 0, Plane  Mow 

t = l^AxlsywtteCric  Flow 

wliere  u and  v are  chc  acre.itawlse  and  transverse  mean  flow  velocities,  respec- 
tively. Hie  term  -.  'v''-  represents  the  Induced  transverse  muss  flux  of  Ltie 
fluctuating  portion  of  the  flow.  Using  order-uf-magnltude  arguments,  Brad- 
shaw (Reference  9)  and  Mellor  (Reference  10)  have  shown  that  this  term  should 
be  properly  retained  in  the  boundary  layer  form  of  the  compressible  equations 
of  motion. 


4.3.2  bpecies  Continuity  Equation 


liX 


where;  = effective  Sclimidt  number 

Uq  - effective  viscosity 


(61) 


4.3.3  X-Momentum  Equation 

The  static  pressure  may  be  assumed  cons.’.ant  for  the  free  mixing  analy.si.s. 
in  this  case,  the  strennwise  momentum  equation  becomes; 


+ (.  V + . 'v'  •) 


(nd) 


4.3.4  Knergy  bguativjn 


The  Eneruv  equ.ation  in  terms  of  enthalpy  ’.s : 


(63) 


»7 


whe  re : 


hi 
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conscltutnt  molar  enthalpy 
mixture  molecular  wel^t 
exchange  coefficient 


The  static  enthalpy  of  the  mixture  may  be  eliminated  as  an  Independent 
variable  by  using  the  following  definitions: 


h = 
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D1 f ferentiatlng. 
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(64) 
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(67) 


Csing  Lquatlon  64  and  the  species  continuity  Equation  61  yields  the 
energy  equation  In  terms  of  the  mixture  Cp  and  the  static  temperature  (T) . 


The  pressure,  density,  and  temperature  which  appear  in  the  above 
equations  are  related  to  each  other  by  means  of  the  perfect  gas  law: 

P = PRT  (69) 

where:  R = mean  gas  constant  for  mixture. 


The  nean  mixtufe  heat  capacity  is  considered  to  be  a function  of  the 
static  temperature  T.  For  constmt  R then,  Cp  may  be  related  to  the  Isentro- 
plc  exponent  y as: 


C 


P 


YR 

y-1 


<?0) 


specification  of  y as 


C 


P* 


a function  of  temperature  then  enables  calculation  of 


The  Prandtl/Glushko/Spaldlng  model  which  is  discussed  in  the  following 
section  has  been  Incorporated  In  Equations  61,  62,  and  68. 


4.3.5  Viseoalty  Model 

Int“oductlon  of  an  eddy  viscosity  (Ue)  permits  expression  of  the  local 
shear  stress  in  terms  of  an  effective  viscosity  and  the  mean  flow  velocity 
gradient . 


T s + Tj.  = u Ou/3y)  - <(pv)'u’> 

(71) 

T = (u  + Up)3u/3y  “ Pg3u/3y 

(72) 

Phenomenological  models,  such  as  the  Prandtl  mixing  length  (Reference  1'!), 
have  been  used  to  relate  the  "eddy"  or  "turbulent"  viscosity  (wt)  bo  the  local 
mean  velocity  field.  These  models  imply  that  the  turbulence  adjusts  immedi- 
ately to  changes  in  mean  flow  conditions  and  that  a universal  lelatlonshlp 
exists  between  the  turbulent  stresses  and  the  mean  strain  rates.  Experiniental 
data  have  indicated  that  there  is  a delayed  response  of  the  turbulence  struc- 
ture to  sudden  changes  in  mean  conditions.  The  turbulent  kinetic  energy 
equation  proposed  by  Prandtl  (Reference  12),  and  utilized  by  Glushko  (Reference 
13) , and  Spalding  (Reference  14)  provides  a more  fundamental  modeling  of  the 
"eddy"  viscosity.  In  the  present  work,  the  Prandtl-Kolmogorov  relations, 
as  given  by  Glushko  and  Spalding,  are  used  to  relate  the  "eddy"  viscosity  to 
the  mean  flow  quantities.  After  Kolmogorov  (Reference  15) , the  turbulent 
shear  is  taken  as  a universal  f’jnction  of  the  Reynolds  number  of  turbulence: 


= uaRj(3u/3y)  - Ut.  (3n/3y) 


whe  re : a 

Rt 

e 


Constant  “ 0.2 

/— 

Reynolds  number  of  turbulence 

u 

Turbulence  kinetic  energy 

Length  scale  characterizing  turbulence 


(73) 
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The  "effective"  viscosity  ii  defined  as  the  sua  of  the  laminar  and 
turbulent  parts. 

pg  * u Ut  ® P(1  + a Rt^ 

C u 

Defining  a turbulent  Prandtl  number  as  Pr^  *=  ■'>  the  "effective" 

thermal  conductivity  Is  given  as:  *^t 

kg  ^ C u [^  + (-A  1“  (^5) 

® P pr  \u  / Prj. 

The  above  relations  Introduce  the  turbulent  kinetic  energy  an  an  addi- 
tional dependent  variable.  The  boundary  layer  equations  cited  previously 
may  be  augmented  by  an  additional  partial  differential  equation  descrlnlng 
the  conservation  of  turbulent  kinetic  energy.  Specification  or  calculation 
of  the  d:aracterl6tlc  length  scale  (L^.)  then  provides  closure  of  the  system 
of  equa.  ions. 


^•3.6  Turbulent  Kinetic  Energy 


The  turbulent  kinetic  energy  equation,  discussed  in  Hln2e  (Reference  16), 
represents  the  balance  between  the  advection,  diffusion,  production,  and  dis- 
sipation of  turbulent  kinetic  energ>’.  In  the  Prandtl/Glushko  (Reference  12 
and  13)  model,  the  pres sure -velocity  correlation  term  and  triple  velocity 
correlation  term  arising  in  the  development  of  the  turbulence  energy  equation 
are  combined  as  a "gradient  diffusion"  term.  The  resulting  turbulent  kinetic 
energy  equation  is : 


pu 


Is. 

3x 


4-  (pv  + <p  *v'>) 


i£ 

3y 


(76) 


In  modeling  the  dissipation  term  (Dg) , It  is  assumed  that  the  small 
scale  eddies  responsible  for  the  dissipation  of  mechanical  energy  are  capable 
of  handling  all  the  energy  transferred  to  them  by  the  larger  scale  motion. 

The  process  is  then  assumed  to  be  diffusion  controlled,  and  both  the  exchange 
coefficient  (fg)  , and  the  dissipation  term  (Dg)  are  expressed  in  terms  of  an 
"intravortex"  turbulent  viscosity  (D): 


- mD 

(77) 

(CpD)  e 
" ,2 

(78) 

The  coefficient,  D,  Is  given  by  Glushko  and  Spalding  as: 
D = 1 + aiiR(. 


(79) 
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where:  m = 0.566  (empirical  constant  after  Spalding) 

The  constant  (C)  In  the  dissipation  term  of  the  turbulence  ener^  equation  1m 
assl^ed  the  value  2.59  (Spalding)  for  cppllcatlon  to  the  turbulent  mixing 
problem. 

The  principal  uncertainty  In  the  turbulence  model  resides  in  the  charac- 
teristic length  scale  assigned  to  the  turbulence  (Lj;) . A partial  differential 
equation  for  Lj-t  similar  to  the  turbulence  energy  Equation  76 > has  been 
derived  by  Rotta  (Reference  17) „ In  the  present  analysis,  however,  the 
characteristic  scale  of  the  Jet  turbulence  Is  assumed  Independent  of  the 
transverse  coordinate  (y) , and  Is  expressed  In  terms  of  the  geometric  para- 
meters of  the  Jet.  Experimental  data  are  used  to  define  the  constants  in  the 
model. 


Referring  to  Figure  13,  the  mixing  region  of  the  single  Jet  may  be 
divided  into  three  distinct  zones.  In  Zone  1,  the  flow  consists  of  a mixing 
layer  which  penetrates  into  a core  region  where  only  small  or  zero  mixing 
occurs,  The  turbulence  scale  in  the  mixing  layer  Is  assumed  proportional 
to  the  width  of  the  mixing  layer  (b)  (References  18  and  19): 


-1 


(80a) 


In  the  core  region,  however,  the  reference  length  for  the  scale  calcula- 
tion is  more  appropriately  taken  as  the  nozzle  radius  (tj): 


K(l)c  “ Si 


“1 


(80b) 


To  provide  i smooth  transition  between  these  two  regions,  the  following 
relations  are  used: 


^c(l)  " H(l)c 


r<.9r. 


(80  c) 


, =1  - (L 

^t(i)  ^t(l)c  [.l(re+b)J  ^ t 


t(l)c“^(l)m^  .9r,<r<(r^+.lb)  (80d) 


In  Zone  3,  the  velocity  profiles  are  known  to  be  similar.  The  turbulent 
scale  for  this  fully  developed  region  Is  defined,  after  Spalding  (Reference 
14),  to  be  proportional  to  local  radlxiS  or  half-height  of  the  jet. 

^(3)  ^ 

The  turbulence  length  scale  in  the  transition  zone  (Region  2)  Is  less 
well  defined  than  chose  In  Regions  1 and  3,  In  that  experimental  data  are 
sparse  or  nonexistent.  Two  models  are  available  for  this  region.  In  the 
first,  an  exponential  Increase  in  length  scale  is  assumed  to  occur  upon 
disappearance  of  the  potential  core. 
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The  end  of  the  transition  gone  is  calculated  as  the  axial  station  at 
which  ^(2)  flt'^t  becooies  equal  to  or  greater  than  the  constants  In 

this  model  must  be  date  mined  from  experimental  data. 


The  second  model  assumes  that  the  length  of  the  transition  zone  is 
equal  to  the  length  of  the  potential  core  (L^) , and  that  the  length  scale 
varies  linearly  from  the  end  of  the  core  to  the  beginning  of  the  fully 
developed  region. 


(82b> 


Calculations  based  on  this  model  have  generally  been  found  co  show 
closer  agreement  with  experimental  data  than  those  based  on  the  model  of 
Equation  82a. 


The  numerical  values  assigned  to  the  constants  throu^  C(.g  are: 


Ctl  = 0.23 

Ct5 

0.38 

Ct2  = 0.38 

Ct6 

- 1.4 

Ct3  « 0.23 

Ct7 

“ 0.43 

Cc4  - 0.05 

Ct8 

“ 0.1875 

Using  Equations  77  and  78,  the  turbulent  energy  Equation  76  may  be 
written  as: 


OU  — + (pv  + V “ 
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(83) 


^ .1.7  Deternilnatlan  of  the  Jut  Edge  and  the  Core  LengLh 

The  determination  of  length  scale  and  the  location  of  the  "effective" 
length  of  the  core  requires  the  location  of  the  outer  and  inner  edges  of  tlie 
mixing  zone.  Conventionally,  the  outer  edge  of  the  mixing  region  of  n free 
jet  is  taken  as  the  radius  where  the  jec  velocity  approaches  the  antient 
stagnation  condition  within  a given  tolerance.  The  inner  edge  is  normally 
taken  as  the  radius  where  the  flow  is  no  longer  uniform  and  parallel.  When 
velocity  gradients  exist  in  the  core  region,  as  In  the  case  of  the  plume 
model,  the  conventional  definition  of  the  inner  mixing  zone  radius  is  no 
longer  valid.  In  this  situation,  the  concentration  of  the  ambient  air  Is 
used  to  locate  the  Inner  edge  of  the  mixing  region.  The  Inner  radius  Is 
taken  as  the  coordinate  where  the  mole  fraction  of  ambient  air  has  reached 
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a value  o£  0.0001  due  to  turbulent  diffusion.  The  con-  lengtti,  in  this  In- 
siancet  then  becomes  the  point  where  the  mole  frottion  of  enbtent  air  hccomeu 
^ ,0001  on  the  Jet  asds.  the  outer  edge  of  the  jjt  is  arbitrarily  defined  as 
the  point  where  the  velocity  relative  to  the  free-strean  velocity  is  0.02  of 
the  centerline  velocity. 


4.3,8  Boundary  Conditions 


Considering  the  Jet  to  be  syamiettic  about  the  line  y - 0,  the  applicable 
boundary  conditions  are: 

r n au  ae  3T  ‘’“‘l  „ , ^ 

C“y"0  ^ = (symmetry)  (84) 

@ y - ^ “ “ex 

T - lex 

e = 

«i  “ “lex 


4.3.9  Transformation  of  Differential  Equations 


The  preceding  equations  may  be  cast  in  a more  conven  iei'.t  form  by  nondimen- 
sionallzlng  with  respect  to  the  primary  Jet  diameter  and  the  discharge  flow 
field  variables  Up,  ep,  Tp.  The  requisite  relations  are: 


V 


u 

P 


(85) 


Substitution  in  Equations  60  through  63  and  Equation  83  yieids: 
Continuity 


^ + 2 [(PV  + •p’V>)y‘']  = 0 


(86) 


X-Momentum 
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The  continuity  Equation  86  may  be  Identically  satistleU  by  introduction 
of  the  stream  fimction  coordinate  (i;)  as  one  of  the  Independeni  variahUs 
(Von  Mlses  transformation).  Oeftne  a modified  stream  function,  satisfyinj' 
continuity,  as  follows: 

- I pUY'  , If  “ (C'V  V tp'V':-)Y'  (91^) 


Introduce  the  following  new  variables: 

- S(X)  , - X 

f = f(X,Yl 


Then,  using  the  chain  rule,  the  following  operators  may  be  defined: 
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3X 
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(oV  + <p*v*>) 


DV 


3Y 


3H' 


Using  these  relations  in  Equations  87  through  89  removes  the  transverse 
velocity  components  (v,  V’),  resulting  in  the  following  final  set  of  differ- 
ential equations: 


X“Mqaenl;utn 


Turbulent  Kinetic  Energy 


Species  Continuity 


(93) 


{9^>) 


(95) 
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(96) 


Taking  the  lov/er  boundary  at  the  zero  streamline  (S'  « 0)^  the  boundary 
conditions  become: 


(a  S'  * 0 


^ « ii  - ^ 

'd'v  “ av  " as*  “ 3¥ 

U “ (^ex 
E = Eex 

e = 8ex 

“‘i  “ ®'lex 


(97) 


The  physical  coordinate  Y can  be  recovered  by  Integration  of  Equation 
92  from  V = 0 to  a given  streanllne: 
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(98) 


4 . 3 . 10  Numerical  Solution  of  Differential  Equations 

The  system  of  nonlinear  parabolic  differential  Equations  93  through  96, 
along  with  boundary  conditions  and  suitably  prescribed  initial  conditions, 
represents  a properly  posed  initial  value  problem.  The  solution  may  be 
stepwise  advanced  in  the  positive  X direction  using  a finite  difference 
approach.  The  implicit  numerical  technique  utilized  in  the  present  investi- 
gation closely  parallels  that  of  Patankar  and  Spalding  (Reference  11) . The 
general  programs  of  these  latter  Investigators  were  not  available  at  the 
inception  of  this  project.  The  differences  between  the  two  approaches  arise 
primarily  in  the  type  of  finite  difference  mesh  and  the  methods  of  control- 
ling the  streatnwise  stepsize. 
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The  Patnker  oethod  uses  a fixed  dltaens  ion  less  streamline  grid.  The 
streanslse  stepslxe  Is  controlled  by  explleltly  nonltorlng  the  flow  entrain-^ 
ment  over  a given  step.  In  the  present  work,  stre^lnes  are  added  in  a 
systeaatlc  fashion  to  cover  the  entire  flow  field.  The  streanwise  steps lae 
is  related  to  the  local  geometric  parameters  of  the  jet  such  as  the  width  of 
the  mixing  zone  or  the  distance  to  the  effective  edge  of  the  Jet. 

The  partial  differential  equations  are  all  of  the  general  "diffusion 
equation"  form: 

^ "ax  * “ a?  *3?)  ■‘‘Y  + 'S  F + (99) 

where  F may  represent  any  of  the  independent  variables  (U,  E,  6),  The  equa- 
tions are  coupled  principally  throu^  the  normal  derivative  terms.  Hence,  a 
sequential  solution  technique  may  be  utilized  as  opposed  to  direct  simultan- 
eous integration.  The  specific  procedure  consists  of  Initially  formulating 
the  differential  equations  in  terms  of  linear  difference  equations.  The 
linearization  is  affected  by  evaluating  the  coefficients  of  the  differential 
equations  at  the  known  upstream  mesh  points.  The  X^momentum  equation  is  first 
solved  for  values  of  U and  3U/3V  at  the  downstream  station.  Using  these 
quantities,  the  turbulent  kinetic  energ^r  equation  may  be  Integrated  to  deter- 
t^ne  E and  3E/3V.  Finally,  the  energy  equation  may  be  solved  using  the 
results  of  the  preceding  two  solutions. 

An  Implicit  finite  difference  procedure  is  utilized  to  effect  the  solu- 
tion of  the  above  Equation  99.  Consider  a grid  network  as  shown  In  the 
following  sketch: 


Conditions  are  known  at  station  1 and  are  to  be  determined  at  station 
11  by  solution  of  the  following  equation: 
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ax  at 


(100) 
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Kor  Lhe  mesh  indlcutui.1  In  the  above  sketch,  the  X derivative  may  be 
approximated  by  a bac'.ward  difference  and  the  V derivatives  as  noncentered 
3-point  differences  In  the  following  fashion: 
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Substituting  these  derivatives  In  Equation  100  yields: 

[(Bri-k)AV2“tAy2ll'j^^^j,_^+U+«(A'f^+Af2)  + (ttH-k)(AtJ-A'l'2)-AAXlF^^^^^ 
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Evaluation  of  tlie  quantities  t ,u,:4 , Y ,6  ,:i  ,F  at  the  known  station  1 
results  in  a set  of  linear  simultaneous  equations  of  the  form: 


^ ^n^m+l,n  ^ ^n  nr+l  ,n+ 1 


3, 


(105) 


wlie  re : 


d(0 

- ( nt+-k ) A I 

2-iAi^ 

b(i) 

= c+f(Atj 

+A  + i)  +(liH-k)  (Ai'^ 

gCt) 

= - ( iiH-k  ) 

■' r "‘ ■•  i 

h(  :) 
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Inclusion  of  the  boundary  conditions  in  finite  diltereiue  form  cLobos 
the  system  of  linear  aly.ebraic  equations.  For  most  cases,  the  ase  oi  forwaid 
or  backward  differences  at  the  boundaries  is  adequate.  Tlu‘  houitdai  v eoiuli  t i ini', 
may  then  be  written  in  a general  fora  as  the  linear  combiaatioti  <’t  the  dipen- 
dent  variable  F and  Its  H derivative. 


f F j I = \ 

11  '1  Nlv-*]  1 


n*l 


n=N 


The  coefficients  corresponding  to  a,  b,  p,  h iii  the  precediiu'  cxpris- 
sions  are: 


==  0 

bi  = - n^/Af 

Ej_  = 


The  resulting  set  of  N simultaneous  equations  may  be  written  in  the 
concise  matrix  form  as: 


[F  = J 


( 107) 


where:  F = Solution  vector 

.!  “ Vector  i>f  riglithimd  sides 

Since  the  ['  matri;-;  is  tri-diagonal,  the  solution  may  I.e  rLsidili.  I'liL.iinoa 
yielding  the  new  values  of  F at  station  II. 


4.3.11  Represeut.U  i on  of  Jet  I'roperties  , ind _lj}.i  t i a 1 P rof  I les 

Nozzle  exit  plane  me.usuremonts  of  aerodvnamic  and  thermodynand  c proper- 
ties are  used  as  initial  conditions  for  the  jet  flow  field  calciilat  i ons . 
ihe  preparation  of  initial  profiles  in  the  foxin  required  by  tiie  analvsis  is 
perfom«d  in  suhrouti:ie  .IKTl’RF.  llie  jet  is  divided  into  as  many  as  eUwu 
annular  rings  at  the  nozzle  exit  with  one  corresponding  to  eacl:  radial  ,,as 
sampling  station.  Hie  gas  originating  in  each  region  is  identified,  as  a 
distinct  specie  having  proiHi  rt  les  determined  i roni  the  appropriate  gas 
s amp le . 
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The  dlvtdlnp  radius  between  adjacent  rings  Is  set  ns  the  root  tman 
9t|uare  of  the  two  sanpllng  radii,  and  Initial  profiles  of  velocity,  tompor.i- 
ture,  and  heterogeneity  parameter  (C)  are  set  using  six  points  In  each  rlnr 
along  with  two  points  In  the  free  stream  (external  flow).  The  profiles  nro 
"smoothed"  somewhat  by  interpolation  at  the  interface  between  adjacent  rlnr.s 
to  avoid  abrupt  discontinuities  in  the  flow  properties.  Tlie  initial  turbu- 
lence Intensity  Is  specified  by  the  user. 


(>0 


4.4  CONSERVATION  OF  THE  HETEROGENEITY  PARAJffiTER 


The  concenttatioft  fluctuations  that  occur  at  a point  in  the  turbulent 
nonreacting  flow  of  a gas  of  nonunifora  composition  can  be  characterized 
statistically  by  a mean  square  intensity.  If  the  local  concentration  (mass 
fraction)  of  a particular  component  is  represented  as  the  sum  of  mean  and 
fluctuating  quantities! 


F - < F > + F' 


(108) 


then  the  mean  square  intensity  is  defined  by: 


G = 


<F’^> 


(109) 


A transport  equation  for  G can  be  derived  by  multiplying  the  complete  species 
continuity  equation  (for  F)  by  F* , tl»a-averaging,  and  applying  the  boundary 
layer  approximations.  The  resulting  equation  contains  terms  which  represent 
the  convection,  diffusion,  production,  and  dissipation  of  G.  Unfortunately, 
these  terms  introduce  additional  unknown  turbulence  parameters  (statistical 
correlations  involving  velocity  and  concentration  fluctuations)  which  must 
be  approximated  in  terms  of  quantities  which  are  known  or  can  be  determined. 
It  should  be  noted  that  the  same  situation  is  encountered  in  the  formulation 
of  the  turbulent  kinetic  energy  equation  for  the  JETMIX  flow  field  analysis 
(Section  4.3).  The  modeling  procedures  established  by  Spalding  (Ref.  5,  6, 
and  7)  have  been  utilized  to  obtain  the  following  "simulated"  form  of  the 
conservation  equation  for  G; 


^0  , / I I \ 3G 

pu  “ + (PV  + <0  v'>)  “ 

convection 


1 

Y"' 


j 

3V 


V' 


3^'  K 


Si 


. (f)'  - 


d i t fusion 


production 


^2  (a  L ■ 

. ^ - — > 

dissipation 


(110) 


where  the  brackets  ■’  have  been  dropped  from  mean  quantities  for  clarity 
and  the  exponent  *■  is  given  by: 


0 Plane  (2-0)  flow 

1 Axisymrnetric  flow 
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'Hie  t“Jdy  (or  LurbuJ.t'iit)  vlacuHicy  (u^)  lb  determined  from: 


a(_pe 


(111) 


whon.'  o is  the  turbulent  kinetic  energy  am.  Lt  is  the  turbulence  length 
bcalo.  The  qiiimtitieb  , Cq2<  Uf*  and  0(j  are  constants. 


'I'he  boiiml.iry  conditions  to  be  applied  to  the  solution  of  liquation  liO 

are  : 


Y = 0: 


jp 

^ = 0 (symmetry) 

G = Ggjj  (external  flow) 


(lU) 


In  a multicomponent  gas  flow,  Equation  110  can  be  used  to  calculate  the 
distribution  of  concentration  fluctuation  intensity  for  any  species  for  which 
the  distribution  of  mean  concentration  is  calculated.  In  a g.ns  turbine  engine 
'■'xhaust  plume,  the  gas  composition  can  be  characterized  by  the  local  fuel 
concentration  (F)  and  mean-square  fuel  concentration  fluctuation  intensity 
(G)  . 


Equativ'ti  110  can  be  solved  simultaneously  with  the  continuity,  species 
continuity,  axial  momentum,  energy,  and  turbulent  kinetic  energy  (THE) 
equations  to  obtain  a description  of  Che  jet  flow  field.  However,  since 
Che  solution  of  the  mean  flow  and  TKE  equations  does  not  require  knowledge 
of  (.,  equation  ilO  can  be  uncoupled  from  the  others  and  solved  I ndependont J v , 
usiiic  the  previc/usly  determined  solutions  oi  the  remaining,  coupled  et|u.i  i ion.; , 
Thi.s  is  tile  approach  tii.ic  was  chosen  in  tlie  present  situaton,  iTimar  i !>■ 
because  oi  the  ava i 1 ab 1 1 1 1 V ui  the  JETMIX  computer  program  for  solution  of 
tile  mean  fl.iw  and  TKF  eijuatioiis.  A separate  computer  [>ro  -am  (bi'ALDG)  wa^ 
developed  to  numerically  solve  the  partial  d if  f ei'eiit  ia  1 etpiation  for  G,  ushic 
tile  IK'IIilX  l!ow  lield  definition  .is  input. 

Tile  parti. il  d i I ; er-arit  ia  1 equation  and  boundary  conditions  for  determin.i- 
' i"n  . ■ L 111  bi'  <ast  i:i  mere  convenii-nt  form  by  mind  i mens  1 onaii  zl  nj;  wii'i 
res;.,  t te  iiiitiai  jet  diameter  (dp)  and  initial  ;et  axial  velocity  (U|.), 

Del  ill.  Liu  I I'l  lowing  v.irial'les. 


Subst iLvition  in 


quuilon  110  yields 


dC 

IX 


+ 1 (pv  + 

•:p'V 
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tjG 

3(j  \ 

(114) 

Up  dp  'if-j 

<5G 

^ yrj 

/dV\ 

9 

i -1 

(^G2  ‘'t 

Up  dp  ) 

\ / 

L?  l2  u / 
f t p 

The  bo".ndary  conditions  become 
T = 0: 


''  ' ''  ex ' 


(115) 


Recall  I rom  Section  4.3  that  the  continuity  equaticjn  is  identically 
satisfied  by  the  introduction  of  the  stream  functioti  coordinate  (i)  as  one 
of  the  independent  variables  ('"on  Mises  transformation).  The  stream  function 
is  defined  by: 


I ; 1 t)  i 


= _ ( V,-  + • ' V ' ■ ) V ' 


Api.lvin>;  the  I i ,in.-^  i o i in.i  t i on  to  X- • coordinates  removes  ciit  t r ,in  s',  >.  i' sv  vi.'!".  ir\ 
■ .'mponeii  ts  (V,  V')  I 1 oi:i  i-mi.iLioi'.  11^,  resullinc  in  the  i o 1 .!  ow  i ny  lin.il  i ■ r;;i 
of  the  partial  dilfet.encial  equation: 


(117) 


Taking  the 
conditions 

jet  centerline 
become : 

as 

the  zero  streamline  (4*  « 0) , 

the  boundary 

V ^ Qi 

3G 

S'! 

^ 0 

(118a) 

V -y  V ! 
ex 

G 

^ G 

ex 

(118b) 

Equation  117  is  of  the  general  "diffusion"  equation  form; 


where: 
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a pj-  (b  •■15;)  + 6 S-  6G 
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(119) 


The  equation  is  parabolic  in  character,  and  can  therefore  be  solved  by  a stop- 
by-stcp  finite  difference  cecbnique  in  which  the  solution  propagates  down- 
stream through  a series  of  axial  stations  (computation  planes)  from  a given 
initial  condition  at  X = 0. 


rite  generalized  Crank-h'i colson  (ioiplicit)  fitiite  difference  procedure 
ermploying  Gaussian  elimination  (Hef.  20)  is  used  to  obtain  a solurion  to  the 
partial  differential  equation  foi  G.  Consider  tlie  grid  network  sliown  in 


fvl 


Figure  13.  A backward  difference  Is  used  to  approximate  X-der Ivalives  and 
central  differences  on  both  Jth  and  (j+l)8t  rows  ate  used  to  represent 
derivatives,  In  the  following  fashion: 


3£  . -,Gl.i 

3X  AX 


3 /a  3G  \ 

“ 3t  at  / “ 
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' a72 

[^1+1,  j4  (®1+1,  j+l  " ^i+l.  j) 

“ ^+1,  j-|  ( 

j “ °i+l.  J-l)j 

+ Th 

j4' 

fi.  j+1  ‘ 

) 

(120) 

■ “i,  (°i.  j ■ j-i)] 

Y + «c  . e J + ^ 

* (’'1,  J * *1,  j “l,  j) 


Note  that  the  formulation  assumes  equal  mesh  spacing  in  the  cross-stream 
coordinate  (Y) . The  value  chosen  Cor  the  weighting  factor  (0.0  ^ ^ 1*0)  in 

the  finite  difference  representation  determine  the  character  of  the  formula- 
tion. In  particular! 

0,  explicit 

9 1/2, Crank-Nicolson  (implicit) 

1,  fully  implicit 

Collecting  terms,  Equation  119  is  expressed  in  1 inlte  difference  lorm  as: 


Crj  Oi+i^  j+i  + C(,j  j + Clj  j_l  - K. 

(121) 


2 1 j (n-1) 

where  n is  the  total  number  of  streamlines  at  axial  station  ti  * 
coefficients  are  given  by: 
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D1  f f er«Mico.s 
art'  Kxpatuleti 
AbuuL  this 
Point V. 


,•  - , 1 

J+2 


^ ■*■  <®1+1.  j4‘^  ®i+i,  i~b  “ J 

^iO(iX)  , 1 

^Lj  - - TaTP'  j-2 


ul-.')  (iX) 


« Of  ^ fi  u(i-o)  (AX)  ,, 
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+ (1-0)  (AX)  it,  jj  Gi j + j^- 
+ 0(AX)  Yi+i,  J + ('•“9>  <*X>  ti,  j 


(1-8)  (AX)  . 
(A'f)ii 


(121) 


Application  of  Equation  121  to  meah  polntfl  J = 2 through  (n  - 1)  results  In 
a set  of  (n  - 2)  slwultaneoua  linear  algebraic  equations  with  n dependent 
variables.  The  system  is  closed  by  expression  of  the  boundary  conditions 
in  finite  difference  form.  The  value  of  G on  the  Jet  centerline  (V  = 0)  Is 
determined  by  passing  a second-degree  polynomial  G (T)  through  the  first  mesh 
points,  and  requiring  that  Equation  110a  be  satisfied  at  the  first  point  (1=1), 
This  leads  to  the  expression: 


^i+i,  1 ° i ^'i+1,  2 " ^i+1,  3 


(1231 


•ITie 


'lid  boundary  condition,  Equation  1 Idb  , is  .satislied  bv  spec  i t y i ng; 


'■’1  + 1 , 


U2A) 


E.,|u.itions  12)  and  122  can  be  used  to  eliminate  the  variables  '■i+.| 
*'i  + l n 1 rom  Equ.iLion  Icl,  yielding  a set  of  (n-2)  simultaneous 
c-quaiiims  with  a irfdiagonal  coefficient  matrix.  I'.auHsian  e 1 imi  n;i  t loi . 
UiL*n  used  to  obtain  a solution. 


• ind 


In  ad, lit  ion  to  si'vcilied  initial  (and  external)  boundarv  conditions, 
a 'Inttc'  d i 1 ! creiicf  solution  of  Equation  11'*  requires  that  tlie  coe  1 ! i . lent  ■ 
( 1,  , , , ' be  evaluated  .it  each  mesh  point  Erora  equal  u>ns  'll  ind  111, 

it  seen  tiiot  till  i.'llt-ving  inlormatlon  is  tberetore  needed: 


1.  Physical  characteristics  of  the  nozzle  exit  (d„,  Hj,)  . 

2.  Aerodynamic  properties  (p,  U,  F,  e,  Lj)  at  eucn  mesh  point. 

3.  Values  of  constants  (Cgl,  Cg2*  «t»  it'  the  turbulence  model. 

The  information  in  the  first  and  second  items  is  obtained  from  output  ol  the 
JETOIX  computer  program.  The  nozzle  exit  plane  parameters,  which  are 
originally  input  to  JETMIX  as  part  of  the  problem  description,  are  taken 
directly  from  the  output.  The  aerodynamic  properties  are  obtained  by 
streamwise  interpolation  between  calculated  profiles  at  tue  JETMIX  output 
stations.  The  values  of  the  constants  In  item  3 can  be  specified  through 
input  to  SPALDG.  The  constant  at  must  be  set  as: 


ut  “ 0.2 

(12‘i) 

to  maintain  consistency  with  the  JETMIX  analysis, 
the  remaining  quantities  are: 

The  recommended  values  .i 

Ciii  = 2.7 

C(i2  = 0.134 

(12b) 

11 

o 

These  values  were  taken  from  Reference  5,  where  they  were  chosen  to  yield 
good  agreement  of  analytical  predictions  with  the  data  ot  Reference  21. 

- • MlXlNi;  ANll  aOMOGENlZAf  ION  _0K  TliL  llETEKUGHNr.ut'S  G Ab 

rile  changes  ill  the  detailed  cuinjj..'s  i t ion  oi  tlu-  iwo-part  liet  t-rugeiu-ou-; 
gas  due  to  mixing,  homogenization,  and  clu-nicaj  react  ioii  t liroughouL  tin-  plume 
Ilow  lield  are  computed  .,1  tei  completion  ol  *'le  s t e.idy -s  t a L e turbulent  inert 
gas  )et  mixing  calculation.  I'lie  procedure  is  to  e.xtend  a euuiputatiou  lube 
from  eai  h area  of  the  nozzle  exit  plane  represented  by  a piubi  meisuii-meiu  , 
detining  till,  tube  boundaries  so  as  to  ni.'iintain  constant  luel  ; i ow  in  each 

tube.  Sinee  liie  air  entrained  into  tile  p' i ume  carries  nr,  luel,  ne  new  . . ni;  ui  ■ 

tion  Lubes  are  iteated  ,i.-.  mixing  pr.^ceedtf.  The  calculation  pi. seeds  ,:!t 
t rum  the  iiozzIl-  exit  plane  in  axia!  steps. 

Ill  I . iiipuLar  ion  step  tiie  i II  Lc  I'Cbailge  ol  gas<-s  between  adliietl’.t  lube 
Is  ..uiiputel,  us,ir.e,  i!ie  Ilow  pfoliles  generated  by  tlie  preceding  ste.  dv-.i  ,!, 
g.is  jet  mixiiiv.  .alciilation  is  a guide.  In  this  interchange,  the  two  : nt 
of  lilt  he  t e regelieu  Us  I J i..W  are  kept  Segl  Ig.llod ; i.e.,  hot  gas  1 1 - I. I tul-, 

transported  on  1 > ini.'  the  iiut  gas  parts  ..I  the  adjacent  tubes,  A;;;..ie;,t  i. 

is  ..'Usideled  ^ 'id  g.is  .ill.I  Is  L I .i  a s po  I 1 1 i!  inti'  the  ei'ld  g.js  ;,itt  ; t..e  ul.  ; 
lube  . 


Alter  Che  mixing  Interchange  la  accomplished,  homogenixatlun  ol  the 
In  each  tube  Is  performed  by  blending  some  of  the  cold  gas  into  the  hot  gas 
until  the  heterogeneity  characteristic  parameter  of  the  two-part  gas  agrees 
with  the  value  computed  previously  for  the  ste.'dy-state  turbulent  mixing 
flow  field. 

The  chemical  composition  of  the  hot  gas  mixture  Is  altered  by  interchange 
with  the  hot  gases  of  adjacent  tubes,  and  by  introduction  ol  cold  gas  during 
homogenization.  The  composition  of  the  cold  gas  mixture  is  altered  only  by 
interchange  with  the  cold  gases  of  adjacent  tubes. 


s . 5 . 1 Definition  of  New  Computation  Tubes 

The  solution  for  the  steady-state  turbulent  Inert  I’.as  jet  mixing  flow 
field  is  ex()ressed  in  the  form  of  tables  of  normalized  radius  and  stream 
function,  velocity,  mole  fractions  of  the  dummy  gases  representing  the 
initial  flow  in  each  computation  tube,  and  other  properties.  The  solution 
for  the  characteristic  heterogeneity  parameter  is  also  tabulated,  with  a 
different  set  of  stream  functions.  A set  of  tables  exists  for  each  of 
several  axial  positions  throughout  the  flow  field. 

A definite  location  for  the  outer  edge  of  the  flow  field  is  required. 

In  the  original  solution,  the  properties  at  the  outer  radii  are  feathered 
smoothly  into  the  ambient  flow,  making  the  outer  boundary  indeterminate. 

Tne  outer  edge  is  arbitrarily  defined  as  the  point  where  the  mole  fraction 
of  the  dummy  gas  representing  ambient  air  is  0.98.  The  value  of  the 
stream  function  corresponding  to  this  point  is  determined  by  interpolation. 

After  locating  the  outer  edge  of  the  jet,  the  points  at  which  flow 
properties  are  tabulated  are  redistributed  by  Interpolation  so  tluU  an 
approximately  equal  number  of  points  Is  located  within  each  compiitailon  tiili..'. 

The  !ii.irnialized  stream  luncteon  t’  is  converted  to  units  ol  pounds  per 
second  ov  tile  lormula: 

i = u:/. 

la.* 


where  I j uiid  D;  ire  the  lelele’Ue  veIoclt\  llt/se.  ) and  diameter  lliulic.-) 
the  initial  oxhauct,  jet.  Tlie  :i..nnali/ed  laJias  Y Is  coni'eited  t.>  units  oi 
in. hes  bv  : 


. b ' 


; .11  sij  .1  1 1 i o I lit  I'.u;  i u..  1 ■-  a.---  d t .ir  ; u C e I p.' ! .1 1 1 on  , I . . .m  - , i ' i ■ i ;iu  i . 
lirar  : .to  t 10:1  w ; : re.-.pe  i (.■  .-tre.i-;i  Imictioii  than  is  tin  1 i.lt.i.s. 


In  ^;eneral,  the  uxlal  location  at  which  flow  property  proiiloa  aro 
required  does  not  correspond  to  one  of  the  axial  locations  at  whicli  property 
tables  exist.  It  Is  necessary  to  construct  tables  .at  the  present  axial 
position  by  Interpolation  between  available  tables.  The  Interpolation  is 
performed  between  corresponding  entries  of  the  tables,  without  regard  to 
the  values  of  the  properties. 

At  each  point  j In  the  profile,  the  mixture  molecular  weight  is  computed: 


= E % 

i 


(129) 


where  Is  the  molecular  weight  of  dummy  gas  k,  and  x;^  j is  the  mole  fraction 
of  gas  k at  point  J.  The  mole  fractions  are  then  converted  to  mass  fractions: 


Y 


(130) 


and  the  mass  fraction  of  fuel  at  point  J is  computed: 


E 

k 


‘kj 


(131) 


Here,  is  the  ftiel  concentration  in  dummy  gas  k. 

By  the  definition  of  tlie  stream  function,  the  mass  flow  between  point 
J <ind  its  inner  neighbor  (J-l)  is 


.•■Wj  - rj.ji 

The  cumulative  flow  (the  total  flow  inside  of  point  j)  )1  dumiv.y  )i.is  k i ■ 


w,,  =E.  ^ 


''1 


(Y 


2 ' k(I-l)  kl 


+ V,  , ) '.W, 
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and  the  cumulative  fuel  flow  is 


= E J ''i 


I 


( 1 ).  ! 


m 


To  remove  the  effects  of  small  continuity  errors  that  may  have  occured  In  the 
numerical  calculations,  each  Wpj  is  multiplied  by  the  ratio  of  total  fuel  , 

flow  In  the  engine  exit  plane  to  the  cumulative  fuel  flow  In  the  present 
profile  at  the  outer  edge  of  the  flow  field. 

The  computation  tubes  ate  defined  as  tubes  of  constant  fuel  flow.  To 
define  the  tube  boundaries,  the  squares  of  tha  radii  in  the  profile  at  the 
present  station  are  tabulated  against  the  cumulative  fuel  flow,  and  the 
values  of  radius  are  selected  by  Interpolation  at  values  of  fuel  flow  that 
correspond  to  the  tube  boundaries.  Similarly,  the  flow  of  each  durrany  gas 
in  each  tube  is  determined  by  tabulating  cumulative  gas  flows  against 
cumulative  fuel  flow  and  interpolating.  If  tube  n has  inner  boundary  n and 
outer  boundary  (n  + 1),  the  flow  of  dummy  gas  k in  tube  n at  present  axial  ■ 

station  is  I 

= \ (n+1)  “ (^35)  i 

A correction  factor  Is  applied  to  each  Wkn  Co  maintain  continuity  of  flow 

of  each  dummy  gas  kj  that  is,  i 

E “kn  ■ 

n 


The  total  flow  in  each  tube  is  also  computed: 

■''Tn  = T,  '^kn 


(13/) 


k 


The  moan  velocity  and  heterogeneity  paiameter  in  tube  n are  Jetermini.J 
by  numerical  integration  with  respevt  to  conmiu  lal  i vi-  fuel  fluv. 


n+l 

' n b <J  b r 

■"'y(n+n  " ‘'In 

n+l 

UJ  I^F 


^’F(n+l)  - ^'in 


■ 1 lO 


i ; iv ) 


1 The  entrainment  of  imbient  air  from  the  previous  to  the  present  axial 

stat  ion  is  computed  bv  the  difference  in  total  airiluw  iii  all  tubes.  Tile 
‘r  air  to  be  entr  lined  i.s  placed  in  .in  e,slr,i  i ompulitlun  Lube  ,it  tlie  pre.iou.- 

scat  i T . 


T1 


(140) 


n 


The  residence  time  for  chemical  reactions  In  each  tube  is  computed  for 
the  axial  step: 

(At).  - ^ (141) 

4.5.2  Mixing  and  HomoRenization 

The  interchange  of  gas  due  to  mixing  between  adjacent  computation  tubes 
in  an  axial  step  is  derived  from  the  dummy  gas  flows  in  the  tubes  at  the 
present  and  previous  stations.  The  parameter  Is  defined  as  the  fraction 
of  flow  In  tube  m at  the  previous  station  that  Is  transferred  to  tube  n at  the 
present  station.  In  any  one  step,  Che  interchange  of  gas  is  limited  to 
adjacent  tubes. 

In  the  following  developjj^ent , Wkm  is  the  flow  of  dummy  gas  k in  tube  m 
at  Che  previous  station,  and  W^n  is  the  flow  of  gas  k in  Cube,  n at  the 
present  axial  station. 

The  relations  used  to  evaluate  the  a's  depend  upon  whether  the  tube  is 
located  within  or  outside  the  "potential  core"  of  the  mixing  jet.  A tube 
is  defined  to  be  outside  the  potential  core  if  the  flow  of  the  dummy  gas 
representing  ambient  air  exceeds  one  percent  of  the  total  flow  in  the  tube. 

If  the  Cube  n is  within  the  potential  core,  the  flow  of  dummy  gas  n in 
its  parent  tube  is  used  to  evaluate  the  <.'s. 


53  ^nm  ‘mn  “ (142) 

m 


If  tube  n is  outside  the  potential  core,  the  total  flow  in  tlie  tube  is  used: 

53  ‘mn  ” ^Tn  (1^3) 

m 


Other  relarions  used  are  tuel  conservat 


<144) 


^ Wfa  <%n  “ Wfjj 


where  Is  the  fuel  flow  In  tube  n (constant  by  definition  of  the  computation 
tube),  and  the  requirement  that  all  the  flow  in  a tube  must  go  somewhere: 


£ a =1 
mn 
n 


(145) 


The  calculation  of  the  a's  proceeds  from  tube  to  tube,  starting  at  the 
centerline.  If  tube  1 is  within  the  potential  core,  the  above  relations  reduce 
to: 


Wll  “11  + Wl2  “21  ® ^11 


(146) 


Wfi  “11  + Wf2  «21  “ Wfl 


(147) 


These  equations  are  solved  for  021! 

wii  - Qii 


'^ii  " ”1 


(148) 


If  tube  1 is  outside  the  potential  core,  this  becomes 


WtI  - Wti 

'■''Tl  (Sfl)  - '"'^2 


(149) 


The  fraction  of  gas  in  tube  2 transferred  to  tube  1 must  be  within  the  limits 
0 < 021  1»  must  not  move  more  fuel  from  tube  2 to  tube  1 than  can  be 

moved  from  tube  1 to  tube  2: 


(150) 


with  021  determined,  ai2  is  determined  by  fuel  continuity 


- (577)  “n 
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and 


‘iJ 


‘U’ 


^ 1 'iJ) 


riu'  lormul.io  tor  tabu  i must  include  the  mass  translor  hot wi-on  Ui’.u's  1 
.uid  d (already  determined')  as  well  as  the  transfer  between  tubes  1 and  3. 
tube  2 is  within  the  potential  core, 


"22  - ‘22  ■"  "21  - (i^)  "22 


— - )W22  “ Wj3 
or,  it  tube  J is  outside  the  potential  core. 
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1,  and 
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lube  N abHorli.s  .ill  ol  tlie  flow  in  the  extra  tube  containing  the  entrained  air; 


J(N+1)N  “ ^ 


Once  the  u's  have  been  derived,  they  are  used  to  construct  the  detailed 
properties  of  the  heterogeneous  flow  In  each  tube.  The  flow.s  ol  hot  and 
cold  gases  in  cube  n at  the  present  station  before  homogenlzat Ion  are 
derived  from  the  flows  In  all  tubes  at  the  previous  station: 


W[|  " S ^Tm  I'm 


yltnilariy,  the  flows  of  luel  In  the  hot  and  cold  gases  .ire: 
'm  11  ■ £ ''Tm  him  him  hV.i 


''U  'E  ''Tm  '»»  * "’m’ 


I IbU  ) 


( 1 0 I , 


( 1 b.:  > 


Ulc). 


0 ' - "M 
~ A A 


Wh  Wc 


The  mass  traction  of  hot  gas  after  liomogenizatlon  (y)  and  tlie  fuel  concentra- 
tion In  the  tiot  gas  are  derived  from  Che  value  of  the  Spalding  heterogeneity 

parameter  at  the  present  staticu.  This  Is  done  by  solving  Che  equations 


y Fj,  + (1  - y)  F, 


J A _ 

y (F  - I'l,)  4 (I  - y)  (F 


(IbB) 


The  fraction  of  tlie  cold  gas  that  is  transferred  to  the  hoc  gas  to  accompJ.ish 
the  homogenization  is 


A 

i - y' 


The  cotnposii. ion  and  enthalpy  of  the  cold  and  hot  gases  in  tube  n at  the 
present  station  are  computed  by  the  formulae 


cm  Sin  “ ytn)  ^Tm 


(170) 


lSL  Hm  Omn  Vm  ^'Tm  ^ cm  Cxnin  ( 1 ~~  ym)  I’m 

/V  A A 

y (W„  W^) 


where  ^ represents,  in  turn,  the  concentrations  of  the  chemical  species 
Zj^,  Zq  , etc.  and  the  total  enthalpy 


2gc  J 


4.6  (;H!’MTCM,  RI'ACTToM  KINI'itCs' 


Tlw  plunU’  model  computet  pinp.r.'tm  provIdeH  tlie  uHer  .<  eholie  of  two 
analvtlcal  procedures  for  modi!!  I,uj>  rhi-  j;as-phi)Si’  cliemlc.tl  reaitiun  kinetic:: 
that  govern  the  consumption  of  CO  and  the  connump^lon  or  generntlon  of  NOy 
in  the  phime.  Tn  practice,  ti.e  two  procedures  iiave  beer,  found  to  produce 
almost  Identical  results  under  conditions  found  1n  aflertnirner  enliau.st  plume.s. 

The  fir.st  procedure,  t.CKP,  is  a modified  ver.sion  of  tlie  NASA  Ceneral 
Chemical  Kinetics  Provtram  fKeforence  T> . ft  providc.s  a ft  rmal  numerical 
solution  of  simultaneous  <11 f f erent 1 al  equations  derived  from  a system  of 
23  molecular  collision  react  lon.s.  CflK"  was  included  bccau.se  of  ttie  high 
confidence  In  the  accuracy  of  its  preillctlons,  .iml  tiie  added  capabllltv  of 
examining  sucit  effects  as  di-p.nrture  of  the  radical  pool  i rom  pseudo- 
equilihrlum  and  conversion  of  Nfi  t<i  N(V>. 

file  alternritlve  proce<iure,  SCKP,  I'l.ikes  use  of  some  nnalvtlr-al  approxl-- 
mat.lons  to  gain  computation.il  efficiency.  'flic  two-lu'di-  ci' 1 ! I ion  L 1 ons 

which  determine  the  concentrations  of  the  free  radicals  relative  to  each 
other  are  assumed  to  be  equilibrated.  The  decay  of  this  radical  poo.1  is 
governed  by  selected  rate-controlled  three-body  reactions.  Tlie  consumption 
of  CO  and  the  generation  of  NO  are  computed  Iiulependt'ntly  by  selected  tale- 
controlled  reaction.s. 

The  con.sumptlon  of  unburned  hydroi-arbons  is  not  treated  by  either  of 
the  chemical  klnetlc.s  procedures  because  of  the  formidabllity  of  the  task 
of  con.structlng  a system  of  reactions  and  rates  for  the  decomposition  and 
oxidation  of  lieavy  hydrocarbon  molecules,  Althougli  such  a system  can  tie 
found  in  the  literature  for  methane  oxidation  (Reference  22),  researchers 
confronted  wltli  more  complex  hydrocarbons  Iiave  usually  re.sorted  to  a "global 
reaction"  approximation  (Reference  23).  Rather  than  pursue  thl.s  approach, 
it  was  judged  that  equal  accuracy  could  he  attained  by  simply  comparing 
residence  time  of  the  l<jcal  gas  mixture  with  empirically  determined  Ignition 
delay  times  for  kerosene*  at  the  local  temperature. 


4,6.1  General  Chemical  Kine t ie. s (GGKP )_ 

A general  chemical  kinetic.s  computer  program  tor  complex  gas  mixtures, 
developed  by  David  A.  IHttkcr  and  Vincent  J.  Sculiin  of  NASA  l.ewl.s  Researcli 
Center,  was  adapted  for  use  as  a .suiiprogram  in  tlie  plume  model  computer 
program.  Guoting  frcim  Reference  34,  "this  program  can  be  used  for  any  tuimo- 
geneous  reaction  in  eltlier  a flowinp,  or  a static  sy.stem.  ft  has  the  ad- 
vantage.s  of  flexibility,  accuracy,  and  case  of  use.  Moreover,  any  chemical 
system  may  be  used  for  whirl)  species  therritorlvnaml  c data  and  reaction  rate 
constants  are  known.  The  program  han-.l’es  several  types  of  reactions.  These 
Include  bimolerular  oxchani^e  reaction.s,  unlmol  eoilar  decomposi  t lon.s  , 
b lmolecuL.,r  decompositions,  anu  toe  reverse  recombination  process.  The 
solution  method  Is  a rapid  one  based  on  the  implicit  finite-difference 
technique  of  K1 ler.el  and  Tyson.  A unique  step-size  control  svstem  is  used 
to  estimate  the  optimum  step-size  for  each  .step." 
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Rt'ferjnce  ) provides  a "complete  deecr Ipt  lt>n  of  the  chemlirtl  klm-ilcs 
computer  jironram  and  the  Implicit  mimerlcal  Integration  metluni  li  uses.  Tlie 
tlieuretlcal  klnetlca  differential  equations  solved  by  the  pri>);ram  are  alsii 
given  In  detail."  There  is  no  need  to  duplicate  ther.e  descriptions  here. 

In  modirving  CICKP  for  use  as  a subprogram,  considerable  .specialization 
wa.s  performed.  The  chemical  reaction  svstem,  reaction  rate.s,  and  species 
thermodynamic  properties,  normally  presented  to  the  progtain  a.s  Injiut  data, 
were  all  built  Into  the  subprogram  version.  The  fluid  dvn.imlcs  options  were 
set  so  that  the  problem  Is  solved  as  a constant  pressure  ad  I ah.it Ic  closed 
reactor,  wltli  residence  time  and  Initial  gas  temperature  and  composition 
spec  LI  led , 

The  chemical  reaction  svstem  Included  In  iICKP  Is  dlsplaved  In  Table  3, 

■ ilong  with  Arrhenius  equations  for  evaluating  rcfi  tlon  rates.  For  some  of 
Llie  I Ii  ree-mo  I ecu  le  reactions,  some  species  .are  known  to  be  mni  e efficient 
collision  partners  than  others.  Those  third-body  efficiencies  that  could  be 
evaluated  are  shown  in  Table  4;  all  others  are  1.0, 

'.in  la  oxidized  to  C02  by  two-hody  reactions  1 and  2.  Of  these,  reaction 
1 1 .s  dominant  hy  factors  of  10  or  more,  even  In  lean  mixtures.  The  rate 
expression  for  reaction  1 was  derived  by  fitting  an  Arrhenlus-type  equation 
to  the  more  complex  expression  of  Dryer,  et  a] . (Reference  24).  The  coin- 
cidence is  very  close  in  the  range  1500  < T < 4500  R. 

NO  Is  generated  by  reactlon.s  12  titrough  14,  recommended  by  Fenlmore 
(Reference  25).  Fenlmore 's  rates  were  used  for  reaction  14,  but  for  12  and 
.n,  faster  rates  were  taken  from  the  Leed.s  report  (Reference  26).  By  thl.s 
mechanism,  NO  Is  generated  by  the  attack  of  oxygen  atoms  on  nitrogen  molecules. 

The  relative  concentrations  of  hydrogen  and  oxygen  atoms  and  hydroxvl 
f.'idlcals  are  reguLated  by  two-body  shuffle  reactions  7 through  li.  Hates  for 
these  reactions  were  obtained  from  Brokaw  and  lUttker  (Reference  27),  except. 

'or  reaction  11,  for  which  Hamirond  and  Mellor  (Reference  23)  were  consulted. 
These  reactions  are  ve  rv  fast  compareil  to  the  three-body  re.actions,  sr>  ,ire 
essentially  equilibrated  at  high  temperatures.  At  lower  temperatures, 
departures  from  equilibrium  are  observed. 

lilt'  decay  of  the.  radical  pool  tov/ard  overall  equilibrium  is  governed  bv 
exothermic  three-body  recombination  reactions  3 through  6 and  15.  Rate 
expres.slons  are  those  of  Brokaw  and  Rlttker,  exceyit  Hammond  and  Mellor  for 
reaction  5 with  third-body  i*f  f i ciencios  from  the  I.eids  re[>ort.  Of  these, 
reaction  3 predom  inate.s  In  .stoichiometric  and  fuel-rich  mixtures.  Reaction 
15  becomes  Influential  In  lean  ml’'l  ..res  where  iiiulecular  oxygen  concentrations 

■»  V o *1  ^ h . 

To  consume  the  hydroperoxyl  radical  (IIO2)  pro<hiced  by  reaction  1.5,  four 
two-  lKjdv  shuffle  reactions  among  hydrogen-oxygen  species  are  provliled 
freactlnns  14-19).  On  tlu-  recommendation  of  Brokaw  atnl  Blttker,  an  additional 
shuffle  reaction  between  HOy  and  nitric  oxide  (Nfi)  was  InrUided  t,i  provide 
for  an  observed  sensitizing  effect  of  NO  on  hydrogen-oxygen  reactions  .it  low 


7H 


lU-act  Ions 


Tahle  3,  Cliemical  Reaction  Syrttem. 

Rate  Constants  (cs>s  I'nits) 


1) 

2) 

J) 

4) 

3) 

f.) 

7) 

H) 

•J) 

10) 

11) 

12) 

n) 

U) 

15) 

16) 

17) 

18) 
H) 
20) 
21) 
22) 
23) 


CO  + Oil  -*  CO,,  4-  II 
CO  + 0,,  ^ * CO  + n 
H + OH  + M * - H.,0  + M 


II  , + M . * 211  +•  M 
H + 0 + M * Oil  + M 
n + n 4-  M * * 0^  4-  M 


OH  4-  H. 


‘ 11^0  4-  II 
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(a)  Brokaw  and  Blttkcr,  NASA  TNl)-70;>.4  (Ref.  27)  (d)  Drvcr,  ai.  aJ  . (Ret.  .'41 

(h)  Hammond  and  Mel  lor,  AlAA  71-711  (Ref.  22)  (e)  Needs  (Ref  26) 

(e)  Keiilniore,  13th  Symposium  (Ref.  25) 
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Table  4.  Third  Body  Efficiencies. 

Reaction  No.  Reaction  No.  Reaction  No. 
(3)  (15)  (23) 


4.5 

2.0 

1.0 

8.0 

7.5 

2.1 

18. 0 

32.5 

6,1 

4.5 

2.0 

1.0 

3.6 

2.0 

1.4 

4.5 

2.0 

1.0 

4.5 

2.0 

1.4 

1.07 

1.0 

0.75 

1.07 

1.0 

1.0 

4.5 

5.0 

0.75 

80 


temperature.  The  last  tliree  reactions  (21-23)  serve  to  ;iU'  Ni'  r i om 

the  nitrogen  dioxide  (NO2)  produced  by  reaction  20. 


4.6.2  •''£6 c lal  Chemical  Klnctlca  Procedure  (St!VP) 

The  SCKP  chemical  kinetics  program  was  developed  bv  Ceneral  Klectrli; 
Company  to  provide  a rapid  calculation  procedure  for  modeling  Mu;  chumlc.il 
kinetics  of  hydrocarbon  combustion  mixtures.  To  provide  computational  speed, 
the  two-body  collision  reactions,  which  determine  tlu*  concentrat  ion  of  free 
radicals,  are  assumed  to  be  In  pseudo-equilibrium.  The  decay  of  this  radical 
pool  toward  overall  equilibrium  1s  monitored  by  a selected  set  of  rate- 
controlled  three-body  recombination  reactions.  The  consumption  of  CO  and 
the  generation  of  contaminants  are  evaluated  independent Iv  bv  direct 

integration  of  the  governing  two-body  CO  and  NOx  reactii'ns. 

Chemical  Reaction  Svslem 


The  chemical  reaction  system  utilized  In  the  SCKP  proi'cdure  consists  of 
a subset  of  the  GCKT  reaction  system.  The  pertinent  chemical  reactions, 
along  with  their  rate  constants,  are  shovm  In  Table  3.  As  indicated  by  the 
table,  they  are  Identical  to  those  used  In  C.CKT,  with  exception  of  reacthsn  2, 
which  la  expressed  in  terms  of  a recombination  rather  than  a dissociation 
reaction.  The  third  body  efficiencies  for  the  three-body  reactions  are 
Identical  to  those  used  In  the  OCKP  program. 

The  three-body  recombination  reactions  I to  5 each  Involve  ,an  equal 
reduction  in  the  molarity  of  the  system.  The  progress_of  tlie  reaction  may 
then  be  determined  by  monitoring  the  molecular  weight  m,  using  the  following 
expression: 


(k^(H) (OH) (M) 


k-1  (!l2<')(M)  + k;>  (I0"(M) 
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O'  ,)  00 


d/2') 


+ k_  (H)(n2)(M)  - k_.50lO2){M)1 


Converting  molar  concentrations  to  mole  fractions  and  combining  rho 
thlrd-bodv  efficiencies  with  the  rate  constants  yields  the  following  relatiiui: 
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Table  5.  SCKP  Chemical  Reaction  System. 


Reactions 


Rate  Constants  (ci^s  Units) 
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The  hyclrojuToxyl  radlviil  CHn2)  Is  not  conBldered  a major  specleR  In  rhc 
SCKl'  procedure  :ind  in  eUnilnuted  ustn^  the  "steady  state"  approximation 
1 •!  ’ In  conjunction  v/lth  the  rate  expreeslons  for  reactions  *i 

through  "sing  these  reactions,  the  effective  rate  constant  for  the  hvdm- 
peroxvl  reactions  may  he  established  as: 


(174h) 

Equation  173  Is  then  rewritten  as: 


Tra  pi  ^ ^OH  " ^20  “ ^-2  ^2  ^3  ^1 

‘^^3  "oh  i "02  S "ll  "02} 
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Integration  of  the  Three-Body  Rate  Expression 


The  final  relation  for  the  three-body  kinetics  is  a nonlinear  first 
order  differential  equation  and  cannot  he  Integrated  in  closed  form.  In 
Reference  A,  it  was  observed  that  reaction  1,  which  has  the  larcest  rate 
constant,  was  the  prime  contributor  to  the  heat  release  of  the  overall 
combustion  reaction.  Tt  was  further  established  that  the  combustion  rate 
was  proportional  to  the  (H)  (('H)  product  over  a wide  range  of  temperatures, 
equivalence  rat'*os,  and  combustion  efficiency  levels.  The  combustion^ 
efficiency  parameter  (P)  Is  defined  in  terms  of  the  molecular  weight  m as: 


(17al 


where:  .ir,-  the  unrcacied  and  completely  recombined  molecular  wi'ir.lits 

(Appendix  A,  Part  2)  . 


HR 


Tlie  condition  ; = 0 correspondn  to  the  unreacted  mixture  molecular  weight 
resulting  from  the  Inefficient  combustion  of  the  hydrocarbon  to  CO  and  H2 
combustion  products.  The  condition  P = 1 corresponds  to  the  completely 
recombined  mixture  molecular  weight.  Using  the  procedure  followed  In 
Reference  4,  the  rate  expression  equation  may  be  approximately  rewritten 
In  terms  of  the  combustion  efficiency  parameter  P as: 


i!l  . _ d(l-P) 
dt  dt 


A'  [a-p.)2 


a-R  )^i 

en  ' 


(177) 


where:  - combustion  efficiency  level  at  full  equilibrium. 

Tiie  parameter  A'  i.s  related  to  the  forward  rates  or  the  recombination 
reactions  and  may  be  expressed  as: 

^2 

m 2 . - 2 


A'  « 
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If  It  Is  assumed  that  the  Integration  time  step  (tj  to  C2)  Is  small  and 
the  parameter  A'  may  be  evaluated  at  the  beginning  of  the  step,  Equation 
177  may  be  Integrated  In  closed  form  to  yield 


1'.,  « 1 - (1-R  ) 

i eq 


(179) 


where;  At  = t^  - 

evaluated  at  tj 


CO  Consumption 

The  consumption  of  CO  In  the  plume  Is  evaluated  by  direct  InLef rat  Ion  of 
the  rate  expression  for  reaction  10. 
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Using  the  carbon  atom  balance  to  eliminate  the  CO2, 


— = ,iX  + b 
dt  ''b 


(181) 


where : 


^ >^10  l^^nti  ^ r~ 

‘ ni  *^10  ^1 

= -VkT-  2X„ 


^mi  >0^ 


n = fuel  U/C  atom  ratl< 


Considering  the  coefficient  a and  b constant  over  the  time  step, 
Kquatlon  181  may  be  integrated  in  closed  form  to  give: 


(182) 


The  CO2  composition  may  be  calculated  from  the  C atom  balance,  and  tlie 
H2O  and  H2  compositions  adiusted  to  preserve  the  system  molarity  at  the 
end  of  the  time  step. 

NOy  Gene rat  Ion /Consumption 

The  (’eneration/consuraptlon  of  the  contaminants  Is  also  dL'termlned 
Independently  using  reactions  10  to  13.  As  in  the  case  of  the  hydroperoxy I 
reactions,  the  N'  atom  Is  not  considered  as  a maior  species  and  may  be 
removed  from  explicit  consideration  by  use  of  the  "steady  state"  approxi- 
mation dXN/dt]ss  “ *1"  The  overall  rate  for  the  NO  reactions  may  he  written  as; 


fk_^l  Xq  (k|^  X^^  + X,,  f X^^^) 

'^11^0  ^'"12  ^02  ’^1,3  ^Oli^ 

(183) 

The  differential  rate,  expression  is  Integrated  numerically  over  tlie 
given  time  Interval  using  a Runge  Kutta  tecltnlque.  At  the  completion  of  an 
Integration  step,  the  molecular  nitrogen  and  oxygen  concentrations  are 
adjusted  to  reflect  the  overall  stoichiometry  of  the  NO  reactions  lislng: 


NO 


SfKP  Calculation  Procedure 


Initially,  the  reijldencf  for  t?arti  at  rPamtuf'C , aa  di-t  crmlried  liv  the 

mixlng/homogenl  zntlon  relatlonn,  la  dlvfdod  Into  a s«-rloH  ol  s'na  1 1 Incre- 
mental time  Htpps.  The  condltlona  at  the  heglnnlng  ot  the  sii'p  arc  evaluated 
using  the  given  mixture  enthalpies  and  molecular  weights.  After  determination 
of  the  full  equilibrium  composition,  using  the  procedures  dclitied  In 
Appendix  A,  Part  2,  the  CO  composition  at  the  end  of  the  Intermediate  time 
step  Is  cv  luated  using  liquation  182.  The  parai  eter  :■  2 is  then  determined 
by  Integration  of  the  three  bod/  recomh I naf Ion  I'xpression  (Fqnat ion  179). 
Holding  the  CO  and  No  composition.,  fixed,  the  compo.sitlon  of  the  free 
rad  I al  pool  Is  evaluated  u.slng  a "pseudo-equl  1 Ihr  lum"  procedure.  Finally, 
the  l'H  composition  at  the  end  of  the  step  l.s  dett'rmlned  hv  Integration  of 
Kquatlon  183.  The  above  step.s  are  repeated  for  each  streartuhe  until  the 
total  residence  time  is  traversed. 


4.6.3  Consump..lon  of  Unhurned  Hydrocarbons  (tlYCARR) 

As  indicated  previously,  the  con.sumptlon  o'  unburned  bydrocarbon.s  Is  not 
considered  by  either  of  the  cliemical  kinetics  procedures,  due  to  the 
difficulty  of  constructing  a general  system  of  reaction.s  and  rates  for 
the  decompo.sl tion  and  oxidation  of  the  heavy  hydrocarbon  chains.  The 
hydrocarbon  consumption  is  determined,  rather,  by  accumulating  the  re.sldence 
time  of  the  local  gas  mixture  and  comparing  this  parameter  with  an  empirically 
determined  ignition  delay  time. 

Define  a "reactive  Inclpiency"  R for  the  hydrocarbon  fuel  as  follow.st 

R - E “ 

steps  id 


where:  At  = residence  time  In  a given  step 

tjj  = ignition  delay  time  at  the  local  confMtiens  in  the  .step 

The  "reacLive  Inciii  Lvney"  is  .iccumu  Luted  .it  tlu-  ioiti.il  t omper.iiure  "i  the 
time  step,  llhen  the  cumulative  reactive  Inclpiency  in  ,i  given  reaction  tube 
becomes  greater  than  or  equal  to  1,  it  is  as.sumivl  that  all  of  tlie  fuel  burns 
instantaneously  and  completely  to  C<'  and  Hv.  From  Ri-forencc  2B,  the  Ignition 
delay  relation  (kerosene)  was  given  as  a function  of  temperature  bv: 


(-17.671439  + 40290. 88/T) 

t “ G 

id  ® 


(185) 


The  accumulation  of  tlie  "reactive  Inclplencv"  of  tlie  luel  In  both  the 
rich  . nd  lean  fraction.s  of  each  react  ic.;’  tube  is  carried  ovit  f c' r pverv 
mlxlng/homogenl  zat  ion  .step,  I'o  properly  account  for  the  mixing  transfer  of 
raw  fuel,  the  hydrocarbon  Is  weighted  as  follows: 


St; 


a 86) 


whei'e:  rev  fui'l  of  reactive  Inclplency  Kj  tran.sf  ei  red  tu  tub»-  ) 

■ "reactive  Inclplency"  of  raw  fuel  In  tube  1, 

In  equation  186,  i Includes  the  fuel  poured  In  . om  the  adjacunl 

rich  or  lean  fraction  of  the  pertinent  utream  tube  being  considered.  Ttie 
rationale  behind  the  weighting  function  l.s  that  the  hydrocarbon  combustion 
is  normally  characterised  by  an  Induction  period  during  which  the  free 
radicals  build  up  by  many  order.s  of  magnitude.  luel  with  high  "reactive 
inclplency"  carrle.s  radicals  with  it,  thus  catalyzing  tiie  Ignition  of  ctli(?r 
fuel  pre.sent  In  the  reaction  tube. 


4.7  SinWATION  OF  CONTAMTKAJIT  H.OWS 


At  selected  axial  locations,  .in  analy.«ils  of  the  profile  Is  performed  to 
evaluate  the  overall  residual  levels  of  gaseous  contaminant  emissions  and 
to  derive  properties  of  the  flov  In  Lndlvidual  tubes  for  comparison  with 
measurements. 


Till.'  radial  locations  of  the  computation  tube  boundaries  at  the  selected 
station  were  determined  during  definition  of  new  computation  tubes,  section 
4.5.1  above.  The  total  gas  flow  W,  the  mass  fraction  of  hot  gas  y,  the  fuel 
concentrations  Fp  and  Fg  In  the  hot  and  cold  gas  parts,  the  static  enthalpies 
hp  and  1iq,  and  the  concentrations  (moles  per  pound)  of  chemical  species  Zic 
In  the  cold  gas  were  determined  for  each  tube  by  the  mixing  and  homogenization 
calculations.  Section  4,5.  The  chemical  composition  of  the  hot  gas  in  each 
tube,  also  evalueteu  by  the  mixing  and  homogenization,  was  subsequently 
modified  by  chemlfnl  re.ac  1 1 ons , Section  4.f>. 

The  profile  analysl.s  Is  done  by  analyzing  each  computation  tube  in  turn, 
beginning  at  the  centerline  of  the  plume.  The  temperatures  of  the  hot  and 
coll  gases  are  computed  by  trial  and  error.  The  temperature  Is  estimated, 
then  the  enthalpy  of  the  gas  mixture  at  the  estimated  temperature  Is  computed 
by  the  methods  given  In  Appendix  B,  Part  3.  This  enthalpy  is  compa'red  with 
the  known  enthalpy  of  the  mixture,  and  the  temperature  estimate  is  revised 
to  produce  agreement.  The  molecular  weight,  m,  the  specific  heat,  Cp,  the 
specific  volume,  v,  and  the  specific  heat  ratio,  y,  of  each  gas  mixture  are 
also  computed  by  the  methods  of  Appendix  B,  Part  3. 


The  average  fuel  concentration  in  the  two-part  gas  stream  is  computed 
using  (Initially)  the  mass  fraction  of  hot  gas  that  exists  In  the  free 
St  ream: 


F =■■  y K„  + (1  - y) 

The  fuel -air  ratio  is  f = (1  + .0  ( — -g) 

1 - F 

Similarly,  other  average  properties  are  computed: 
V = y V|,  + (1  - yj  v^ 


(187) 

(188) 
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The  local  emlss  is  Indlce.s  (pounds  contaminant  per  pound  fuel)  In  tiie  tube 
uiidi-  r e na  1 y.s  I s ,i re  ; 
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™co  ^co 


"f  ^HC 
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To  compute  the  gas  analyzer  readings  (parts  per  million  by  volume),  the 
average  gas  composition  Is  converted  to  mole  fractions: 

Xj,  = m 7.^  1 = H,  0,  etc. 

Hydrocarbons  and  nitrogen  oxides  are  analyzed  without  drying  the  sample: 


CO  is  analyzed  with  the  sample  dried  to  32®  F saturation: 

^ 1. 006202  (1  - 

the  tube  area  Is  computed  from  the  radial  position  of  the  boundaries: 


A A 2 2, 

A = ■"  (r  - r ) 
o 1 


Velocity  Is  computed  from  mass  continuity: 


Fuel  flow  In  the  tube  is 


= F1-J 


I 


The  apparent  Impact  pressure  and  total  temperature  that  would  be  measured 
by  Impact  pressure  and  aspirated  thermocouple  probes  immersed  In  the  two-part 
tieterogeneous  stream  are  calculated  by  the  methods  of  Appendix  A,  Part  4. 

The  mass  fraction  of  hot  gas  in  a gas  sample  drawn  from  the  stream  la  also 
computed,  after  which  the  calculations  of  mean  fuel-air  ratio,  emission 
Indices,  and  analyzer  readings  are  repeated  using  this  value  instead  of  y. 

l/lien  all  computation  tubes  have  been  analyzed,  the  total  flows  of  fuel 
and  contaminants  In  all  tubes  of  the  profile  are  computed,  using  local  fuel 
flows  and  emission  indices  computed  from  the  free-stream  values  of  yj 

'"t>T  ■£“f 

'%>T  "E"t  "rn  =*'•  <®3) 


I'hc  overall]  emissions  Indices  are  thus 


(204) 
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4.8  OVERALL  DRSCRTPTTON  AND  CAPABILITY  OP  INTF.CRATF.n  MODKI. 


I 

f 


The  analytical  procedures  .lust  dencrlbed  were  combined  to  form  a model 
of  the  exhaust  plume  of  an  afterburning  turho)et  or  turhofan  engine.  The 
model  represents  those  features  of  the  gas  flow  which  Influence  the  consump- 
tion of  gaseous  contaminant  emissions  In  the  plume.  These  feature.s  include 
the  tlire-average  turbulent  mixing  of  each  element  of  the  axlsymmetrl c exhaust 
jet  Into  the  adjacent  elements,  and  the  mixing  of  the  ambient  air  Into  tlie 
hot  gas;  the  time-varying  composition  (heterogeneity)  of  the  gas  Mow  past 
each  point  in  space;  the  generation  and  decay  of  gas  heterogeneity  In  the 
plume;  the  alteration  of  Instantaneous  gas  composition  by  mixing  with  gas  from 
adjacent  part.s  of  the  flow  and  by  homogenization;  and  the  consumption  of  gaseous 
contaminants  fiy  rate-limited  chemical  reactions. 

Inpvf  to  the  model  Inclvides  data  from  a probe  survey  ol  ttic  engine 
exfiauHi  stre.-im,  togetl.er  witli  proport  le.s  et  the  fu'>l  and  amfiient  air  and 
parameters  of  the  engine  cycle.  Based  on  ttiis  input,  the  model  predicts 
profiles  of  velocity,  fuel,  and  contaminant  concentrations  at  various  axial 
locations  the  plume,  plus  overall  residual  emissions  Indices  derived 
from  integ.adlon  of  these  profiles. 

Input  to  the  model  Includes  data  from  a probe  survey  of  tfu'  engine 
exhaust  stream,  together  with  ptopertle.s  of  the  fuel  and  ambient  air  ami 
parameters  of  the  engine  cycle.  Based  on  this  Input,  tlie  modeJ  predicts 
profiles  of  velocity,  fuel,  and  contaminant  concentrations  at  various  axial 
locations  in  the  plume,  plus  overall  residual  omissions  indices  derived  from 
Integration  of  these  profiles. 

The  plume  model  has  been  encoded  Iti  FORTRAN  IV  language  for  machine 
computation  on  the  Hon'vwell  hOOn-series  computer.  A complete  description 
of  this  computer  program  is-  contained  in  tlie  computer  Program  User's  Manual 
wfilch  Is  Supplement  2 to  this  report. 

The  primary  use  Intended  for  tfie  niodcl  is  to  estimate  thi'  true  residual 
emissions  released  Into  the  utmos'liere,  b.i.'^ed  upou  cnissions  measuieinents 
made  at  the  afterburner  exfiaust  rlane.  Tliis  procedure  is  useful  In  appli- 
cations where  direct  sampling  of  Lite  mixed  an<l  cooled  exhaust  plume  is  not 
practical,  such  as  engine  tests  in  ent lose  1 t«*st  cells.  The  model  Is  also 
capable  of  accommodating  a moving  environment,  which  makes  It  useful  in 
estimating  contaminant  consumption  In  the  plume  under  high-altitude,  higti- 
speed  flight  conditions  for  exhavist  jets  with  reasonahlv  uniform  static 
pressure  distributions. 

The  accuracy  of  the  model  has  been  established  bv  cnmiparison  with 
experimental  data  obtained  under  this  .program  el.sewhere.  These  comparisons 
are  presented  in  Section  h.D. 

The  analytical  model  In  Its  present  form  does  a good.,  hut  not  perfect, 
job  of  predicting  the  consumption  ol  emissions  In  tlie  plume.  I'he  model  was 
compared  with  experime.nLaJ  data  1 rom  unly  turbojet  al  t erfeiruers , not  mixed-flow 
turbofan  augmentors.  When  data  for  turliofan  engines  become  a\'allnble,  the 


model  should  he  verified  for  this  type  of  augmentor  also.  Tn  contru.st  to 
some  analytical  modeling  efforts  which  proceed  from  relatively  simple  models 
to  more  complex  and  sophisticated  treatments,  this  model  began  with  a very 
sophisticated  Initial  structure  and  simplifications  were  searched  for  as 
work  progressed.  The  Importance  of  taking  this  approach  was  thoroughly 
Justified  by  the  successful  results.  It  was  recognized  at  the  outset  that 
this  modeling  problem  Involved  very  complex  phenomena,  including  some  for 
which  no  experimental  definitions  were  available.  The  adoption  of  the 
already  existing  programs,  JFTMIX  and  GCKJ’,  was  a very  valuable  starting 
point,  and  the  inclusion  of  treatment  of  time  Inhomogeneltles  proved  to  be 
essential.  Data  were  available  on  the  character  of  time  Inhomogeneltles  In 
the  developed  plume  and  were  adopted  In  the  treatment,  but  Information  on  the 
detailed  time  Inhomogeneltles  at  the  end  of  the  engine  exit  and  through  the 
potential  core  do  not  exist,  except  perhaps  ah  can  be  Inferred  from  this 
present  work.  It  Is  believed  that  the  most  fruitful  approach  for  Improvement 
in  the  accuracy  of  emission  consumption  In  the  plume  lies  In  revised 
representations  of  the  time  Inhomogeneltles  in  the  early  plume. 

The  present  model,  with  some  revision,  could  permit  the  examination  of 
additional  time  inhoraogenelty  representations  to  approach  a more  perfect 
agreement  with  measured  data. 
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SECTION  5.0 


INITIAL  AFTERBURNER  EMISSIONS  TESTS  OF  J85--5  AND  J79-15  ENGINES 


The  primary  purpose  of  the  Phase  II  tests  was  Che  complete  plume  map- 
ping of  the  emissions  levels  from  two  different  afterburning  engines,  a J85-5 
and  a J79-15.  Emissions  were  measured  at  radial  locations  to  the  edges  of 
the  plumes  and  axially  eft  of  the  engines  to  a point  where  temperatures  were 
low  enough  that  reactions  were  complete  and  Che  true  emissions  levels  were 
obtained.  The  two  engines  are  representative  of  two  different  sizes  of 
afterburning  engines  currently  in  wide  use  on  military  aircraft. 

The  following  is  a brief  description  of  each  engine  along  with  some 
details  of  the  afterburner  components  and  function. 


5.1  ENGINE  DESCRIPTION 

5.1.1  J85  Engine 


The  original  J85  engine  was  qualified  In  1960  as  the  powerplant  for 
the  GAM  72  decoy  drone.  Within  three  years,  the  first  version  of  Che  engine 
designed  to  power  manned  flight  passed  its  Military  Qiialificatlon  Test. 
Presently,  J85  engines  power  a number  of  manned  and  unmanned  military  air- 
craft, among  them  the  Northrup  F-5  lightweight  fighter  and  the  T-38  trainer. 
A turbofan  version  of  the  J85  is  also  used  to  power  mvin-engined  business 
jets. 


5 . 1 . 1 . 1  Engine  Specifications 

The  following  are  the  important  specifications  for  the  , 185-5  engine; 


Weight 

Length  (cold) 

Maximum  Diameter  (cold) 
Pressure  Ratio 
Airflow 
RPM 

Maximum  Thrust  (SLS) 
Military  Thrust  (SLS) 


584  lb 

104.6  In. 

21  in, 

6 . 6 

44.0  Ib/sec 
16,500 
3850  lb 
2680  lb 


5 . 1 . 1 . 2 Engine  Description 


The  J83-5  engine  is  a compact,  high-thrust,  lightweight,  afterburning 
turbojet  engine  comprised  of  an  eight-stage  axial-flow  compressor  coupled 
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directly  to  a two-stage  turbine.  The  engine  incorporates  a through-flow, 
annular-type  combustion  system,  controlled  corapreaaor  interstage  bleed,  and 
an  afterbun\er  with  a variable-area  exit  nozzle. 


5 . 1 . 1 . 3 Afterburner  Description 

Tlirust  augmentation  is  provided  by  injecting  additional  fuel  into  the 
diffuser  behind  the  turbine.  This  fuel  la  ignited,  burned,  and  ejected 
through  the  variable-area  nozzle.  The  afterburner  thus  increases  engine 
thrust  by  Increasing  the  temperature  and  velocity  of  the  exhaust  gases. 

The  diffuser  assembly  for  the  J85-5  is  shewn  in  Figure  16.  This 
assembly  consists  of  a casing  which  houses  a center  cone,  flameholder, 
and  diffuser  liner.  Mounted  on  the  diffuser  liner  are  16  shielded  main 
spraybars  with  Integral  flow  dividers,  2 main  spraybar  fuel  manifolds,  A 
pilot  spraybars,  and  3 pilot  spraybar  manifolds.  The  single  flameholder, 
in  addition  to  its  function  as  a pilot  burner,  maintains  the  flame  front 
In  a position  that  assures  complete  combustion  of  the  exhaust  gas-fuel 
mixture  in  the  afterburner. 

The  pilot  burner  spraybars  are  located  at  the  3,  6,  9,  and  12  o'clock 
positions  on  the  afterburner  diffuser  assembly  and  are  designed  to  initiate 
afterburning  and  prevent  afterburner  blowout.  They  spr.iy  directly  into  the 
four  flameholder  air  scoops. 

The  16  main  spraybars  are  the  principle  source  of  fuel  for  thrust 
augmentation.  They  consist  of  three  tubes  and  three  orifices  and  a pressure- 
operated  valve  (150  psig) . They  spray  the  fuel  in  a circumferential 
direction  Just  downstream  of  the  forward  end  of  the  flameholder  air  scoops. 
The  afterburner  fuel  control  schedules  fuel  to  the  main  afterburner  and  pilot 
burner  spraybars,  as  a function  of  power  lever  position  and  compressor  dis- 
charge pressure.  The  control  also  regulates,  as  a function  of  power  lever 
angle,  the  variable  exhaust  nozzle  area  until  it  is  overridden  by  the  turbine 
discharge  control  system. 

Figure  17  shows  the  J85-5  afterburner  casing,  liner,  and  variable 
exhaust  nozzle  assembly.  The  afterburner  casing  and  liner  provide  the  volume 
necessary  for  the  complete  combustion  of  the  exhaust  gas-fuel  mixture  before 
it  is  ejected  through  the  exhaust  nozzle.  The  variable  nozzle  provides  the 
exit  passage  for  the  exhaust  gas  scream.  During  afterburner  operation,  and 
when  exhaust  gas  temperatures  increase  above  the  normal  limit,  the  nozzle 
area  is  increased.  When  the  afterburner  is  not  in  operation,  the  exhaust 
nozzle  area  is  reduced  for  optimum  engine  performance. 

5.1.2  J79  Engine 

Design  studies  on  the  J79  were  begun  in  1952,  and  it  became  the  world's 
first  Mach  2-plus  powerplant,  with  eventual  selection  as  the  engine  for 
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several  advanced  aircraft,  including  the  General  Dynamics  B-58  (the  world's 
first  supersonic  botaber) , the  Lockheed  F104,  the  McDonnell-Douglas  F-4,  and 
the  Rockwell  International  RA-5C,  A commercial  version,  the  CJB05,  powers 
the  Convalr  880  and  990  commercial  transport  aircraft. 


5. 1.2,1  Engine  Specifications 

The  following  are  the  important  apeclflcations  for  the  J79-15  engine; 
the  J79-8  is  the  U.S.  Navy  version  and  has  similar  specifications: 


Weight 

Length  (cold) 

Maximum  Diameter  (cold) 
Pressure  Ratio  (mil) 
Airflow 
RPM 

Maximum  Thrust  (SLS) 
Military  Thrust  (SLS) 


3685  lb 
2208.45  in. 
38.3  in. 
12.9 

169  Ib/sec 
7685 

17,000  lb 
10,900  lb 


5. 1.2. 2  Engine  Description 


The  J79-15  engine  la  an  axial-flow  turbojet  engine  with  variable  after- 
burner thrust.  It  Incorporates  a 17 -stage  compressor,  of  which  the  angles 
of  the  Inlet  guide  vanes  and  the  first  6 stages  of  vanes  are  variable;  a 
combustion  system  which  consists  of  10  individual  combustion  liners  situated 
between  an  inner  and  outer  combustion  casing;  a 3-stage  turbine  rotor,  which 
is  coupled  directly  to  the  compressor  rotor;  and  an  afterburner  system, 
which  provides  afterburner  thrust  variation  through  fuel  flow  scheduling  and 
actuation  of  the  variable-area,  converging -diver glng-type  exhaust  nozzle. 

The  rotors  are  supported  by  three  main  bearings.  Various  engine  systems 
control  engine  thrust  by  regulating  engine  speed,  vane  angle,  fuel  flow, 
exhaust  nozzle  area,  and  exhaust  gas  temperature.  Interconnecting  signals 
integrate  the  various  coatrols  so  that  the  systems  function  as  a single  unit 
in  response  to  the  throttle. 


5 . 1 . 2 . 3  Afterburner  Description 

To  initiate  afterburner  operation,  the  throttle  must  be  advanced  beyond 
76.5  degrees  and  the  engine  speed  must  exceed  90.3  percent.  Figure  18 
shows  the  afterburner  and  exhaust  nozzle  assembly.  The  afterburner  fuel-air 
mixture  is  ignited  by  a torch  Igniter  which  extends  into  the  exhaust  duct. 

The  flame  of  the  torch  igniter  is  provided  by  combining  fuel  from  the  main 
fuel  manifold  with  air  from  the  outer  combustion  casing.  Flame  stabilization 
is  accomplished  by  three  V-gutter-type  f lameholders . 
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Figure  IH.  J79-15  Afterburner  and  Exhaust  Nozzle  Assembly 


Fuel  is  distributed  by  four  fuel  manifolds  to  21  spraybars  located  in 
the  exhaust  diffuser  section.  Afterburner  fuel  flows  to  the  fuel  pressuriz- 
ing valve  consisting  of  four  valves  which  divide  the  core  fuel  flow  into 
primary  core  and  secondary  core,  and  the  annulus  fuel  flow  into  primary 
annulus  and  secondary  annulus.  This  division  ensures  that  adequate  pressures 
are  maintained  to  prevent  vaporization  within  the  afterburner  fuel  tubes. 

Each  pressurizing  valve  ports  fuel  to  a fuel  manifold,  which  delivers  fuel  to 
the  spraybars.  Each  spraybar  contains  four  separate  tubes,  one  for  each 
manifold.  Holes  in  the  sides  of  the  tubes  spray  fuel  into  tha  exhaust  gases. 
The  primary  and  secondary  core  tubes  Inject  fuel  near  the  center  of  the  exhaust 
gas  stream;  the  primary  and  secondary  annulus  tubes  spray  fuel  into  the 
outer  portion  of  the  exhaust  gas  ctream. 


The  exhaust  nozzle  causes  the  velocity  of  the  air  stream  to  increase 
by  restricting  its  flow.  The  velocity  of  Che  exhaust  gases  past  the  throat 
(smallest)  area  is  limited  to  the  speed  of  sound  within  the  gases.  The 
exhaust  nozzle  assembly  consists  of  24  nozzle  flaps  and  seals  interconnected 
by  flap  actuators  and  bellcranks  to  the  support  ring.  Attached  to  tha  sup- 
port ring  are  24  shroud  flaps  and  seals.  The  support  ring  telescopes  into 
the  outer  shroud.  Tnrough  this  arrangement,  movement  of  the  support  ring 
toward  Che  rear  of  the  engine  causes  a simultaneous  Increase  in  the  opening 
area  of  tha  primary  and  secondary  exhavisc  nozzles. 
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5.2  ENGINE  TEST  FACtLITf 

All  afterburner  emissions  measurements  on  this  program  were  conducted  at 
the  North  Site  Test  Facility  at  the  General  Electric  Edwards  Flight  Test  Center, 
Edwards  Air  Fcrce  Base,  California.  The  North  Test  Site  is  in  a relatively 
remote  location,  normally  used  for  acoustic  and  infrared  testing. 

All  engine  controls,  instrumentation  readout,  data  acquisition  equip- 
ment, and  emissions  analysis  equipment  were  located  in  the  control  room. 

Figure  19  is  a partial  view  of  the  Interior  of  the  control  room.  The  two 
cabinets  in  the  background  contain  the  gas  analysis  instrumentation.  On 
the  right  is  the  smoke  measurement  console,  and  the  engine  control  console 
is  in  the  foreground. 

The  engine  support  structure,  stressed  for  the  FlOl  engine  thrust  level, 
was  mounted  on  the  thrust  table.  The  support  structure  was  designed  so  as 
to  support  any  of  the  engines  with  their  centerline  12  feet  above  ground 
level.  At  that  height,  interference  of  the  ground  with  the  plume  was  pre- 
vented out  to  the  farthest  measurement  station. 


Figure  20  shows  the  J79-15  engine  mounted  on  the  test  stand  at  the  North 
Site  Test  Facility.  The  high  temperature  probe  stands  and  actuators  (w  :h 
probes  removed)  are  mounted  on  a moveable  table  so  that  the  stands  can  be 
moved  axially  from  the  nozzle  exit  plane  to  a posltfon  15  feet  aft  ' th^ 
nozzle  exit  plane.  Use  of  this  arrangement  facilitated  changing  of  ..he 
axial  location  of  the  high  temperature  probes.  In  Figures  20,  the  low 
temperature  probes  are  attached  to  the  concrete  pad  at  the  60-foot  axial 
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Figure  19.  CE-Edwards  Flight  Test  Center  North  Site  Control  Room  Showing  Gas  Analysis  System 
(Background),  Smoke  Console  (Right),  and  Engine  Run  Console  (Foreground). 


Engine  on  Test  Stand 


I’liv!  controj  room  at  tliia  test  facility  is  partially  underground  and  is 
located  iVout  60  feet  from  the  engine.  Total  sample  line  length  was  as  long 
as  l<^iO  feet  at  the  sampling  station  farthest  from  the  engine.  Tne  engine 
inlet  faced  generally  into  the  prevailing  ’^Ind,  and  Che  engine  exhausted 
over  the.  dry  lake  bed. 

Engineering  drawings  were  made  and  Issued  at  Edvards  for  Che  engine 
supp./rt  structure  and  the  low  temperature  probes.  Drawings  were  made  and 
Issued  at  E''enaale  for  the  hlrh  temperature  probes.  A complete  list  of 
the  drawings  prepared  for  thie  program  la  given  in  Table  6. 


5.3  DATA  REDUCTION  PROCEDURES 

In  the  Phase  IT  afterburner  engine  enuabicns  tests,  automated  data 
acquisition  equipment  and  computerized  data  reduction  procedures  were 
utilized  aa  far  as  practical.  The  entt’‘e  data  reduction  procedure  vjas  .yomo- 
what  complicated  by  the  face  that,  in  order  to  calculate  true  emissions 
levels,  it  was  necessary  to  properly  account  for  variations  in  local  flov; 
rates  across  the  plume.  The  local  flow  races  were  calculated  from  the 
total  and  static  pressures  and  the  total  temperatures.  At  axial  stations 
where  the  temperature  was  too  high  for  total  temperature  and  static  pres- 
sure measurements,  the  total  temperaturas  were  calculated  from  the  gas 
composition  using  an  enthalpy  balance  procedure,  and  the  static  pressure 
Vi'as  estimated  to  be  the  same  as  the  ambient  pressure.  From  the  local  flow 
rate  and  gas  composition,  the.  local  emission  flow  rate  and  local  fuel  flow 
rate  were  calculated.  Integration  of  these  local  values  across  the  sampling 
plane  gave  the  total  emission  flow  rate  and  fuel  flow  rate  at  that  axial 
station.  Total  emission  index  was  calculated  from  the  total  emission  flow 
and  total  fuel  flow  at  a particular  station.  The  total  integrated  fuel  flow 
at  each  station  was  compared  to  the  measured  engine  total  fuel  flow  as  a 
check  on  the  consistency  of  the  dita. 

The  b.'sic  emission  parameters  (concentrations,  total  and  static  pres- 
sures) measured  at  the  exhaust  plane  were  also  input  to  the  plume  model. 

The  model  was  then  used  to  calculate  emission  levels  at  the  location.s 
downstream  uf  the  nozzle  for  comparison  with  the  measured  values. 

A brief  description  of  the  data  acquisition  and  processing  steps  Is 
given  below. 


5.5.1  PCM  System 

The  PCM  (pulse  code  modulation)  system  to  a digital  data  acquisition 
system  which  was  used  to  record  all  test  data  on  magnetic  tape.  The  test 
data  included  engine  operating  data  along  with  the  plume  data.  After 
appropriate  preprocessing  to  convert,  to  engineering  units,  additional 
calculations  were  performed  with  the  plu.me  data  u.slng  the  computer  program 
described  below. 
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Table  G.  A/terburner  Emissions  Tests  - List  of  Drawings 


Drawing  Title 

Drawing  No. 

Location 

1) 

Support  Assembly  (a/B  Emission  Test) 

56J117327 

Edwards 

2) 

Modification  - 393  Thrust  Stand  (A/B 
Emissions  Test) 

56J117329 

Edwards 

1) 

Engine  Mounting  Systems  ~ J79,  J85, 
FlOl  (A/B  Emissions  Test) 

56J117330 

Edwarris 

4) 

Mounting  System  - FlOl  Engine  (A/B 
Emissions  Test) 

56J117331 
Sheets  1 & 2 

Edwards 

5) 

Low  Temperature  Rake  (A/B  Emissions 
Test) 

56J117332 

Edwards 

6) 

Support  Assembly  - Bellmouth,  FlOl 
(A/B  Emissions  Test) 

56E117333 

Edwards 

7) 

Sam;,  ling  Probe  - High  Temperature 

4013100-805 

Evendale 

8) 

Probe  Support  Body 

4013100-807 

Evendale 

9) 

Clanp  - Probe 

4013100-808 

Evendale 

10) 

Arm  - Support 

4013100-809 

Evendale 

11) 

Cleimp  - Tube 

4013100-810 

Evendale 

12) 

Clamp-  Tube 

4013100-811 

Evendale 

13) 

Tube  - Cooling  Details 

4013100-812 
Sheets  1 Sr  2 

Evendale 
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CAROL  Program!  The  CAROL  computet  program  was  an  adaptation  of  an 
existing  time-sharing  data  reduction  program  which  basically  calculates  local 
composition  and  emission  Indices  from  the  output  of  each  analyzer  (from  the 
PCM  system)  and  the  analyzer  calibration  data,  which  was  manually  obtained 
before  each  test.  The  program  was  modified  to  include  calculation  of  the 
radial  probe  position. 

The  equations  used  in  calculating  local  fuel-air  ratio  and  emission 
indicies  were,  in  general,  those  specified  in  ARP  1256  (Reference  29) . 

However,  a change  was  made  in  calculating  local  fuel-air  ratio,  in  that  the 
ambient  air  CO2  content  was  not  assumed  to  be  zero  as  in  the  ARP  1236,  but  was 
taken  as  0.03%,  the  standard  air  value.  This  difference  was  quite  appreci- 
able when  samples  were  taken  in  very  dilute  regions  of  the  plume  where  CO2 
concentrations  approached  ambient  levels. 

In  order  to  calculate  probe  radial  position,  the  probe  was  first  set 
30  that  its  projection  passed  through  the  projected  engine  centerline.  In 
this  position,  the  probe  orifice  to  engine  centerline  distance  was  a small 
value,  I (see  Figure  21),  The  probe  potentiometer  was  then  calibrated 
as  angular  position  9 versus  potentiometer  voltage.  The  orifice  radial 
distance,  R,  from  the  engine  centerline  could  then  be  calculated  from  the  law 
of  cosines,  as  shown  In  Figure  21,  knowing  the  probing  length  L. 

Output  of  the  CAROL  program  was  filed  in  the  time-sharing  system. 

AREA  Program!  The  AREA  computer  program  was  also  a time-sharing 
system  (TSS)  program  that  used  the  CAROL  output  file  for  input.  The  AREA 
program  converts  the  radial  position  of  each  probe  measurement  to  an  element 
of  flow  area  to  be  represented  by  the  measurement,  and  rewrites  selected  data 
in  a second  file.  This  program  thus  performed  area  weighting  of  the  emissions 
measurements . 

The  data  flies  written  by  CAROL  and  modified  by  ARF:a  v'Cre  manually  supple- 
mented by  additional  Information  not  derived  from  the  probe  measurements,  and 
were  then  transmitted  directly  to  one  of  two  batch  computer  programs,  depend- 
ing on  whether  the  low  temperature  or  the  high  temperature  probe  system  was 
used. 


EGT7  Program!  Since  temperature  was  not  measured  by  the  high  temper- 
ature probes,  program  EGT7  was  used  to  calculate  gas  temperature  from  the 
gas  composition  data.  Computer  program  EGT7  is  an  existing  batch  program 
which  calculates  temperature  using  an  enthalpy  balance  procedure.  Basically, 
the  total  mixture  enthalpy  is  first  calculated  from  the  Inlet  temperature 
and  fuel-air  ratio.  An  iterative  procedure  is  then  used  to  arrive  at  a 
final  gas  temperature  which  causes  the  sum  of  the  enthalpies  of  the  Individual 
gas  components  to  equal  the  total  mivture  enthalpy.  Total  mass  balance 
and  pseudo-equilibrium  criteria  are  used  to  obtain  concentrations  of  H2,  Ar , 
O2,  II2,  and  Oh. 


Using  Che  calculated  tempetaturei  together  with  the  measured  total 
temperature  and  static  (ambient)  pressure,  the  local  total  mass  flow  (pounds 
per  second  per  square  inch)  is  calculated  for  each  measured  probe  position. 

Local  fuel  flow  rate  (pounds  per  second  per  square  Inch)  Is  calculated  from 

the  local  total  mass  flow  rate  and  local  fuel-air  ratio  (from  gas  composition). 
Calculated  values  are  entered,  along  with  the  flow  area  represented  by  the 

measurement,  on  a TSS  file  for  subsequent  input  to  program  SCAPP  (described 

below) . 

EGVl  Program;  Computer  program  EGVl  is  used  with  low  temperature  probe 
measurements.  Local  flow  calculations  procedures  are  similar  to  those  used 
in  EGT7  except  that  local  total  temperature  is  measured  rather  than  calcula- 
ted, and  measured  local  static  pressures,  rather  than  ambient  pressure,  are 
used.  As  with  EGT7,  an  output  TSS  file  is  created  for  subsequent  input  to 
SCAPP. 

SCAPP  Program;  The  SCAPP  computer  program  (TSS)  obtains  emission 
indices  directly  from  the  CAROL  output  file  and  the  local  fuel  flows  and 
areas  from  EGVl  or  EGT7,  as  appropriate.  The  local  contaminant  flow  rate 
(pounds  per  second  per  square  inch)  and  the  contaminant  flow,  integrated 
across  the  plume,  are  calculated  for  each  contaminant,  The  Integrated  fuel 
flow,  along  with  the  integrated  contaminant  flow,  is  used  to  calculate  the 
overall  (or  integrated)  emission  index. 

Figure  22  is  a diagram  showing  the  data  processing  steps.  Raw  data 
from  the  PCM  system  was  obtained  on  magnetic  tape  and  subsequently  trans- 
ferred to  computer  tape.  Processing  by  a tape  reader  produced  a printout 
of  the  raw  data  which  was  then  examined  for  obvious  errors.  The  corrected 
tape  was  then  run  through  the  engine  preprocessor  program  and  the  plume 
preprocessor  program.  The  plume  preprocessor  program  output  was  put  onto 
paper  tape  and  subsequently  transferred  to  a file  in  the  time-sharing  system 
(TSS).  Up  to  this  point,  all  data  processing  was  done  at  Edwards  Flight 
Test  Center.  The  GE  time-sharing  system  is  accessible  from  both  Edwards  and 
Evendale,  and  subsequent  processing  was  performed  at  Evendale.  A permanent 
record  of  all  plume  preprocessor  output  was  made  on  punch  cards. 

The  data  was  then  processed  through  the  CAROL  computer  program,  which 
gave  a printed  output  and  also  a series  of  output  cards  (A.,  B,  C,  P,  and  T) 
for  subsequent  input  to  s'lcceedlng  programs.  Auxiliary  programs  NEWRAD  and 
ABE,  shown  In  Figure  22,  are  described  later  in  this  report. 


5.4  J85-5  AFTERBURNER  EMISSIONS  TESTS 


5.4.1  J85  Engine  Setup  and  Instrumentation 

The  engine  used  was  Model  J85-5H,  Serial  Number  230-499,  and  was  newly 
overhauled  with  total  accumulated  running  time  of  4827  hours.  Table  7 is  a 
listing  of  the  engine  and  emissions  instrumentation  which  were  monitored  by 
the  PCM  system.  There  were  90  channels  of  the  PCM  system  available  for  test 
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instrumentation,  of  which  typically  70  to  80  were  used.  Selected  channels  (up 
to  10)  could  also  be  monitored  continuously  on  digital  meters.  In  addition  to 
monitoring  on  the  PCM  system,  the  output  of  each  analyser  along  with  probe 
position  and  total  pressure  were  recorded  on  an  eight-channel  direct-writing 
recorder  (Beckman  Instruments,  Type  RC  Dynograph) . 

The  testing  proceeded  as  planned,  with  a total  of  20  separate  test  points, 
which  consisted  of  engine  operation  at  four  power  settings  (military,  minimum 
afterburner,  mid-af terbumer,  and  maximum  afterburner).  At  each  of  the  four 
power  settings,  complete  plume  profiles  were  obtained  at  five  axial  stations 
(nozzle  exit,  3.75,  7.5,  15,  and  30  feet  aft).  The  5 axial  stations  corre- 
sponded to  approximately  C,  3,  6,  12,  and  24  nozxle  diameters  downstream. 

The  J85  engine  is  normally  limited  to  operation  for  five  minutes  at 
maximum  afterburning  power.  Since  each  test  point  required  40  to  50  minutes 
of  engine  operation,  excessive  cycling  of  the  engine  would  have  been  involved 
if  the  f Ivc-mlnute  Limit  had  been  followed.  After  appropriate  consultation, 
it  was  decided  to  adhere  to  a 30-mlnute  limit  at  maximum  A/B,  since  this  would 
result  in  less  total  engine  operating  time.  In  addition,  the  consensus  of 
opinion  was  that  less  engine  distress  would  occur  from  the  prolonged  steady 
operation  than  from  the  repeated  cycling. 


5.4.2  JB5  Emissions  Test  Data 


The  detailed  emissions  test  data  are  tabulated  in  Supplement  I of  this 
report.  Tables  presented  there  give  composition,  fuel-air  ratio,  emission 
indices,  total  and  static  pressure,  total  temperature,  and  fuel  and  contaminant 
flow  rates  at  each  radial  position  for  each  test  point.  Selected  parameters 
are  plotted  in  this  section  of  Volume  I to  illustrate  the  variation  with  radial 
and  axial  position  and  with  engine  power  level. 

Table  8 is  a summary  of  the  J85  engine  test  data.  Each  entry  is  the 
numerical  average  of  all  data  taken  for  that  particular  test  point.  Most  of 
the  column  headings  are  described  in  Table  7.  Note  that  WFAB  is  the  after- 
burner fuel  flow.  Ambient  conditions  of  temperature  (To),  pressure  (Po) , 
absolute  humidity,  and  wind  speed  and  direction  were  manually  recorded  at 
various  times  during  each  test.  In  the  case  of  a double  entry  in  the  wind 
speed  and  direction  columns,  the  numbers  indicate  maximum  and  minimum  values. 

In  setting  test  points,  throttle  setting  alone  was  used  for  the  military  power 
condition.  At  the  A/B  power  points,  a total  fuel  flow  was  chosen  and  main- 
tained in  setting  each  power  condition. 

JP4  fuel  was  used  for  all  tests.  Fuel  samples  were  taken  periodically 
during  the  Phase  II  tests  and  submitted  for  analyses.  Table  9 gives  the  fuel 
analyses  for  both  the  J85  and  J79  teots.  All  values  reported  were  within 
limits  given  in  Specification  MIL-T-5624J. 
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J85-5  Engine  Data  for  Phase  II  Afterburner  Emissions  Tests  - JP-4  Fuel. 


Table  9.  Analyses  of  JV-4  Fuel  Samples  from  Phase  II  Afterburne 


I'lgure  23  shows  the  effect  of  power  level  on  the  radial  fuel-air  ratio 
distribution  at  the  nogzle  exit  for  Probe  No.  1.  A general  increase  of  fuel 
flow  with  power  setting  occurs,  with  the  fuel  being  injected  mainly  into  the 
annular  flame  stabilization  region.  Figure  24  shows  similar  profiles  obtained 
at  the  7.5-foot  axial  station.  At  this  station,  mixing  has  resulted  in  the 
development  of  typical  plume  profile  shapes.  Note  that  this  station  is  near 
the  end  of  the  potential  core,  as  previously  planned,  and,  as  indicated  by 
the  fact  that  the  centerline  fuel-air  ratio  and  temperature,  is  about  the 
same  as  at  the  nozzle  exit  location.  Figure  25  shows  fuel-air  profiles 
obtained  at  the  30-foot  axial  station.  At  this  distance,  the  plume  is  quite 
diluted  by  mixing  with  surrounding  air,  and  concentrations  near  the  edge  of 
the  plume  are  approaching  ambient  levels.  It  nay  be  noted  that  the  standard 
air  concentration  for  CO2  (0.03%)  corresponds  to  a fuel-air  ratio  of  about 
0.00015.  Data  from  Probe  No.  2 shows  similar  radial  profiles,  but  are  not 
included  on  the  plots  in  order  to  maintain  clarity. 

Figure  26  shows  the  NOjj  radial  profile  at  the  nozzle  exit  plane  for  Che 
various  power  levels.  Note  that  little  NOx  is  formed  in  Che  afterburner  at 
minimum  A/B  power.  Some  NOx  formed  at  the  higher  A/B  power  settings,  mainly 
in  the  high  temperature  burning  region.  Figure  27  shows  similar  NOx  profiles 
at  the  7.5-foot  station,  where  the  typical  plume  distribution  has  developed. 
Note  that  the  centerline  concentration  of  NOx  actually  increases  between  0 and 
7.5  feet  even  though  the  total  NOx  remains  constant,  as  will  be  shown  later. 

The  reason  for  the  increase  in  centerline  NOx  that  the  centerline  concen- 
tration is  lower  than  in  the  surrounding  annular  region  at  the  nozzle  exit,  and 
thus  increases  with  distance  as  it  mixes  with  the  gas  of  higher  concentration. 
Figure  28  shows  NOx  radial  profile  30  feet  aft  of  the  nozzle  exit  plane  at- 
various  power  levels.  As  with  the  fuel-air  ratio  data,  extremely  low  NOy 
levels  were  obtained  near  the  edge  of  the  plume.  However,  the  NOx  levels  at 
the  30-foot  station  seem  to  be  high  in  proportion  to  the  fuel-air  ratio. 

Figure  29  shows  the  CO  concentration  profile  at  various  axial  distances 
at  minimum  A/B  power  level.  The  centerline  concentration  remains  essentially 
constant  to  the  end  of  the  potential  core  (7.5  feet),  which  indicates  little 
consumption  of  CO.  Beyond  7,5  feet,  mixing  occurs  into  the  centerline,  and 
the  plume  spreads  more  rapidly. 

Figure  30  f'.ows  the  CO  concentration  profile  at  various  axial  distances 
at  maximum  A/B  power  level.  In  contrast  to  the  data  at  minimum  A/B,  the 
centerline  concentration  decreases  at  each  successive  axial  station,  indicating 
considerable  consumption  of  CO  in  the  plume. 

Smoke  measurements  were  made  on  the  J85  engine  at  the  nozzle  exit  plane. 
Very  little,  if  any,  smoke  was  obtained,  as  judged  by  the  appearance  of  the 
smoke  tapes.  It  was  suspected  that  smoke  was  being  lost,  either  in  the  sample 

line  or  the  pump,  and  further  smoke  measurements  on  the  J85  were  not  made. 

The  sampling  system  is  not  well-suited  to  the  measurement  of  low  smoke 
numbers . 
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5.4.3 


Adjustment  for  Plume  Symmetry 


It  was  noted  that,  at  the  farthest  downstream  locations  (15  and  JO  foot 
aft),  the  apparent  plume  centerline  did  not  coincide  with  Che  projected  enp,ine 
centerline.  An  analytical  method  was  devised  for  locating  the  center  of 
symmetry  of  the  plume  in  relation  to  the  engine  centerline.  At  the  farthest 
downstream  locations,  the  Integration  over  the  plume  area  was  then  performed 
with  respect  to  this  axis  of  symmetry,  rather  than  around  the  projected  engine 
centerline. 

Figure  31  demonstrates  this  effect  on  Che  fuel-air  ratio  profile.  Figure 
31(a)  shows  the  fuel-ait  ratio  profile  at  military  power,  15  feet  aft  of  the 
noz2le  exit  with  the  origin  at  the  projected  engine  centerline.  Figure  31(b) 
shows  the  same  data  after  adjusting  for  symmetry.  The  origin  is  .shifted  3.7 
inches  downward  along  the  path  of  Probe  1 and  6.8  inches  upward  along  the  path 
of  Probe  2,  for  a total  shift  of  7.7  inches.  This  is  an  angular  separation 
of  2.3  degrees. 

it  should  be  noted  that  this  shifting  of  the  origin  involves  no  additional 
assumptions,  since  the  assumption  of  circular  symmetry  of  the  plume  is  already 
contained  in  the  area  integration  calculations.  The  adjustment  for  circular 
symmetry  generally  results  in  a decrease  in  calculated  flow  for  all  species, 
compared  to  that  calculated  with  the  origin  not  at  the  center  of  symmetry.  An 
additional  computer  program  (NEWRAD)  was  written  to  perform  this  calculation, 
and  all  data  at  the  15  and  30-foot  axial  stations  were  adjusted  for  symmetry. 
All  radial  distances  quoted  in  this  report  have  been  adjusted  for  plume 
symmetry.  The  adjustments  required  to  shift  the  origin  to  the  center  of 
symmetry  for  the  J85  are  tabulated  in  Table  10. 

Although  the  detailed  causes  for  the  apparently  unsymmetrical  plume  have 
not  been  determined,  it  is  believed  that  a part  of  the  discrepancy  is  due  to 
inaccurate  measurement  of  the  projected  engine  centerline.  Additional 
factors  may  be  that  the  engine  does  not  exhaust  precisely  along  its  center- 
line, or  that  the  engine  is  slightly  loose  in  its  mounting  so  that  its  axis 
can  vary  slightly.  Note  that  a small  shift  in  the  center  of  symmetry  could 
cause  appreciable  error  in  the  integrated  values.  It  should  also  be  noted  that 
the  true  center  of  symmetry  cannot  be  located  with  a single  diametral  probe 
sweep. 


5.4,4  Calculation  of  Integrated  Results  for  J85 

All  J85  plume  data  were  processed  through  the  integral  computer  programs 
(Figure  22)  to  yield  the  Integral  flow  rates  for  fuel,  CO,  HC,  and  NOx  along 
with  the  corresponding  emission  inuices.  These  values  are  given  in  Table  11 
along  with  the  metered  fuel  flow.  A very  valuable  test  of  the  validity  of 
the  data  is  the  agreement  between  the  calculated  and  metered  fuel  flow  at  each 
axial  station.  Examination  of  these  data  show  that  generally  good  agreement 
between  the  calculated  and  measured  fuel  flow  is  obtained  for  axial  stations 
near  the  nozzle  exit  plane  (U,  3.75,  and  7.5  feet  aft  of  nozzle),  while  con- 
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slderable  discrepancy  between  necered  and  calculated  Cuel  flow  exists  at  the 
downstream  locations  (15  and  30  feet  aft). 

Considerable  evidence  links  this  discrepancy  to  an  error  In  the  CO2 
measurement  causing  the  measured  CO2  value  to  be  slightly  less  than  the  true 
values.  This  was  later  found  to  be  caused  by  an  electrical  interaction 
between  the  PCM  system  and  the  CQ2  analyzer.  Since  the  effect  was  small,  no 
significant  error  v;as  Introduced  for  high  CO2  concentrations,  such  as  were 
obtained  near  the  nozzle  exit.  At  the  very  !’ow  concentrations  encountered  for 
the  downstream  locations,  considerable  error  was  Introduced. 

The  erroneously  low  CO2  value  at  the  downstream  locations  is  consistent 
with  the  calculated  local  temperatures  lower  than  meacured  values  (cee 
Supplement  1 data  tabulation)  end  the  emlssloii  indices,  both  local  and  Integral 
values,  higher  than  values  which  would  be  consistent  with  the  nozzle  exit 
location  values.  The  contaminant  flow  rate  Is  nearly  Independent  of  CO2  value 
and  forms  a more  consistent  set  of  data. 

Note  that  integrated  contaminant  flow  rata  and  corresponding  emission 
index  should  generally  remain  constant  or  decrease  with  axial  distance.  There 
seems  to  be  one  exception  to  this,  as  indicated  by  the  increase  in  CO  emission 
index  between  the  nozzle  exit  plane  and  3.75  feet  aft  at  Min  A/B  power  level. 
This  is  explained  by  the  partial  oxidation  of  HC  to  CO  in  the  same  axial  range. 
The  decrease  in  HC  is  more  than  sufficient  to  account  for  the  increase  In 
carbon  as  CO. 

With  the  foregoing  observations  In  mind,  the  following  conclusions  con- 
cerning Che  axial  variation  of  contaminant  flow  may  be  made  for  the  J85: 

1.  No  significant  change  in  conce.it  rat  ion  occurs  in  the  plume  at 
any  power  level. 

2.  At  military  power,  no  significant  change  in  CO  or  HC  occurs. 

3.  At  minimum  A/B  power,  a small  increase  in  CO  occurs  along  with  a 
decrease  In  HC. 

4.  At  mid  A/B  and  maxivAum  A/B  power,  significant  decreases  in  both  CO 
and  HC  occur,  with  HC  values  ultimately  approaching  zero. 


5 , 5 J79-15  AFTERBUKNF.R  EMISSIONS  TESTS 

5.5.1  J79  Emissions  Teat  Data 

The  engine  tested  was  a J79-15,  Serial  Number  439-012,  and  was  newly 
overhauled  with  a total  accumulated  running  time  of  2317  hours.  Engine  and 
emissions  Instrumentation  was  basically  the  same  as  that  for  the  J85,  listed 
in  Table  7.  As  with  the  J85,  20  separate  test  points  were  run,  consisting 
of  the  four  power  settings  with  nlume  profiles  obtained  at  each  of  5 axial 
stations  ((nozzle  exit,  7.5,  15,  30,  and  60  feet  aft).  As  with  the  J85,  the 
5 axial  stations  corresponded  to  approximately  0,  3,  6,  12,  and  24  nozzle 
diameters  downstream. 
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Engine  operating  data  for  the  Phase  II  emlealons  tests  arc  given  In  Table 
12.  Colunm  headings  are  the  same  as  for  the  J85  tabulation  except  W2  (engine 
airflow).  Detailed  emissions  data  for  the  J79  tests  are  pre.«ented  in  Supple- 
ment 1 of  this  report.  Selected  parameters  arc  plotted  in  this  section  of  the 
report  to  Illustrate  the  variation  with  radial  and  axial  position  and  with 
engine  power  levels. 

As  previously  mentioned,  the  afterburner  on  the  J79-15  engine  has  a fuel 
system  with  four  manifolds  and  fuel  injection  tubes;  primary  core,  secondary 
core,  primary  annulus,  and  secondary  annulus.  As  afterburner  fuel  flow 
increases,  the  fuel  pressurizing  valve  operates  to  deliver  fuel  to  the  four 
manifolds  in  succession.  The  afterburner  emissions  test  points  are  such  that 
at  minimum  A/B  power,  there  is  partial  core  flow;  at  mid  A/B  power,  there  is 
full  core  flow  and  partial  primary  annulus;  at  maximum  A/B,  there  is  full 
flow  to  all  four  manifolds. 

Figure  32  shows  the  fuel-air  ratio  profiles  for  the  J79  at  the  nozzle 
exit,  for  the  four  power  settings.  With  increasing  afterburner  fuel  flow, 
the  peak  fuel-air  ratio  moves  toward  the  outside  as  proportionally  more  fuel 
flows  to  the  annulus  manifolds.  Little  change  in  fuel-air  ratio  near  the 
engine  centerline  occurs  over  the  entire  range  of  afterburner  operation. 

The  increase  in  exhaust  diameter  with  afterburner  power  level  is  due  to  the 
opening  of  the  exhaust  nozzle.  Figure  33  shows  similar  fuel-air  ratio 
profiles  7.5  feet  aft  of  the  nozzle  exit  where  considerable  mixing  has 
already  occurred.  Figure  34  shows  fuel-air  profiles  at  15  feet  aft  of  the 
nozzle  exit,  which  is  near  the  end  of  the  potential  core,  as  indicated  by  the 
fact  that  ambient  air  has  not  mixed  to  the  centerline.  At  this  location, 
typical  plume  profiles  of  fuel-air  ratio  have  developed. 

Rather  severe  gradients,  especially  in  HC,  may  be  encountered  at  the 
nozzle  exit  location  for  afterburner  operation.  The  gradients  are  particu- 
larly steep  for  the  J79  at  mid  A/B  power  level,  as  shown  in  Figure  35  where 
He  concentration  (log  scale)  is  plotted  against  radial  position  at  the  nozzle 
exit.  The  minimum  in  the  HC  curve  corresponds  to  those  regions  in  the 
afterburner  where  the  combination  of  good  flame  stabilization  and  favorable 
fuel-air  ratio  leads  to  excellent  combustion  efficiency.  The  flame  does 
not  efLectively  spread  outside  these  regions,  and  relatively  poor  burning  occurs. 

The  change  in  shape  of  the  HC  concentration  profile  with  axial  distance 
is  shown  in  Figure  36.  Note  that  at  the  7.5-foot  station  the  extremely  high 
HC  concentration  along  the  centerline  has  been  completely  consumed.  Consider- 
ably higher  concentrations  exist  near  the  top  of  the  plume  (left  side  in  the 
figure)  and  this  asymmetry  persists  out  to  60  feet.  The  hydrocarbons  that  mix 
toward  the  center  of  the  pl'jme  are  consumed  in  the  high  temperature  gases 
at  least  down  to  15  feet,  where  a depression  still  persists  In  the  center. 

At  30  feet  aft,  the  centerline  temperature  Is  coo  low  for  rapid  consumption 
of  HC,  and  the  concentration  near  el’t  center  is  increasing.  The  centerline 
concentration  is  thus  a maximum  at  the  nozzle  exit  and  rapidly  decreases  to 
zero  with  axial  distance.  After  the  centerline  temperature  reaches  a low 
enough  value,  the  centerline  concentration  rises  to  a second  maximum  and 
then  gradually  decreases  as  mixing  with  ambient  air  continues. 
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5.5.2  Calculations  of  InceatJCed  Resul t a for  .17 9 

All  J79“15  engine  afterburner  data  from  the  Phase  J.  engine  testrf  were 
processed  through  the  Integral  computer  programs  to  give  integral  tlow  rates 
and  the  corresponding  emissions  Indices.  The  profiles  at  the  30-and  60-fout 
stations  were  adjusted  for  symmetry  using  tie  NEWUAD  computer  program,  os 
described  in  the  previous  section  on  the 

Adjustments  required  to  move  the  origin  to  the  apparent  center  of 
symmetry  of  the.  plume  for  the  J79  are  listed  In  Table  I ’ for  each  run  .it 
the  iO-and  bO-foot  axial  stations.  A positive  change  is  upward  along  tlie 
probe  orifice  path  and  a negative  change  ia  downward.  The  total  adjustmunt 
is  the  diagonal  shift,  calculated  from  the  two  mutual Iv  perpendicular  ch.inges. 
The  angular  separation,  as  measured  from  the  center  i«f  tlie  engine  txliaust 
nozzle.  Is  <iuite  small  at  the  60-foot  axial  sCafion,  being  Jes:,  than  one 
degree  In  each  case.  At  the  30-loot  .station,  angular  separations  at.- 
greater,  being  between  1.0  and  i . 5 .legrees  ir  each  case. 

Results  of  the  calculations  of  Integrated  values  for  the  .179  are  given 
in  Table  14.  At  the  sampling  stations  close.st  to  the  engine  (0,  7.5,  aiid 
15  feet),  generally  good  agreement  between  the  calculated  and  the  metered 
fuel  flows  was  obtained.  At  tne  30-and  60-foot  sampling  stations,  consider- 
able discrepancy  exists  between  the  calculated  and  measured  fuel  flo\j  for 
several  of  the  runs.  As  vith  the  J85  integrated  data,  the  major  portion  of 
this  discrepancy  Is  attributed  to  an  electrical  Interaction  between  Lhe  I’CM 
system  and  the  CO2  analyzer  which  was  found  and  corrected  before  the  I’hase  III 
engine  tests. 

Qualitatively,  the  geieral  trends  shown  by  the  .J.'V  plume  measuremenLi- 
are  similar  to  the  J85  mea.®  irements  in  that  HC  Is  most  reactive  Ln  the  plujiie, 
with  CO  somewhat  less  reactive,  and  NO^  tVie  least  reactive,  with  essentially 
no  change  occurring  in  the  plume.  For  the  .170,  the  highest  te.sLdual  HC 
level  occurred  for  mid  A/B  power  setting  wb.ere,  for  t!ic  .183,  the  highest 
residual  HC  level  (Secured  at  mlniinum  A.’B. 

The  s.iioke  numbers  given  in  Table  14  ar.r  the  averaLf-.  . 1 t. iu  siiK'ko 
mea.sureratrits , and  no  .ittempu  lias  been  :ii,ule  to  prc'perlv  mass  wei.  ht  the  iiviuke 
data.  As  was  expected,  tlie  smoke  number  ck;';:eases  with  i nc  r..ms  1 ng  after- 
burner power  .setting  and  with  Increasing  axial  distance  1 rum  the  exhau.sc 
nozzle.  The  absolute  value  ol  the  smoke  number  obtained  is  subject  to  .sauie 
(|uestion  due  to  the  sampling  procedures  used. 

5 • ^ INTEKPRETATIUN  OF  DATA  AT  UOWNST'XtbUM  J^Ot aVl_l i )Nb 

It  has  already  been  pointed  out  tlnit  -.it  the  far  tl'  wnstieam  Iuc.it  ioin, 

(15  and  30  feet  for  the  JB5,  .ind  .30  .ind  60  feet  fiM  the  .17'.'1,  genf'r.iMv  pour 
agreement  between  calculated  and  metered  fuel-atr  ratio  tins  boon  ob.c,  1 >,'fd . 

A major  factor  in  this  discr  epancy  is  a .sm.ill  shil\  in  zero  . : i he  (\.'y 

analyzer  caused  by  Interaction  wltn  the  I'CM  svst.-ia.  ,\ii  ,;ddi;uucil  i.ictet  i.-^ 
that  quite  g,ood  instrument  sens  i t 1 v 1 r v .uul  sl.rbiliiv  i ,s  rerpiireh  lo  eb-t.iiii 
ac.curate  measurements  at  very  low  ci-ucen  t r,i  1 1 uns . This  is  obvi.uH  I one 
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Tablo  13.  .■\ii  just  meat  of  Plume  Centerline  Required  to  Shift  Oriftin  to  the  Center  of 

Syiiimctry  for  J79. 
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considers  that,  for  example,  a ehanf^e  of  1 ppm  NOjj  causes  a change  of  0.11 
In  emission  index  if  Che  CO2  concentration  Is  3%,  but  the  same  change  In  NO^ 
concentration  causes  a change  in  emission  Index  of  1.1  If  the  CO2  concen- 
tration Is  only  0.3s;.  Finally,  at  concentrations  comparable  to  the  ambient 
levels,  the  measurement  of  concentrations  becomes  almost  meaningless  without 
some  correction  for  ambient  levels.  Thus,  the  accurate  measurement  of 
emission  Index  at  high  air  dilution  values  by  Che  integral  method,  which 
includes  the  mass  and  area  weighting  procedures  and  correction  for  ambient 
levels,  vjould  become  quite  complex.  This  fact  was  recognised  early  In  the 
program  and  a search  was  made  for  an  alternate  technique. 

One  approach  considered,  and  finally  adopted  with  some  modifications, 
is  based  on  the  fact  that  the  emission  index  should  become  constant,  both 
radially  and  axially,  at  sampling  stations  far  enough  downstream  that  mixing 
and  reactions  are  complete.  This  arises  from  an  important  fact  concerning 
emlsblon  Index;  namely,  that  If  an  arbitrary  unreaculng  gas  composition  is 
mixed  with  pure  air,  Liie  emission  Index  will  not  ch.nnge . From  this  It  follows 
that  If  one  plots,  for  example,  CO  versus  C02,  and  if  mixing  and  reactions  are 
complete,  the  result  must  be  a straight  line  with  origin  determined  by  the 
ambient  levels.  Figure  37  Is  a plot  for  CO  versus  CO2  for  the  J79  at  minimum 
A/B  power  and  60  feet  aft  of  the  exhaust  nozzle.  Although  the  data  are  quite 
linear,  the  intercept  of  the  straight  line  does  not  pass  through  zero  but  Is 
about  +10  ppm  on  the  CO  axis.  It  Is  apparent  that  the  emission  Index,  calcu- 
lated in  tile  usual  vay,  would  increase  wltiiout  limit  if  the  stralght-llne 
relationship  v/ore  followed  to  zero  on  the  CO2  axis.  This  is  the  trend  that 
has  been  generally  observed,  mainly  at  very  high  air  dilution  values. 

The  emission  index  may  be  calculated  from  the  slope  of  the  line  and  Is 
about  26  for  Figure  37,  as  compared  to  30.9  calculated  from  the  integral 
programs  (Table  14).  The  emission  index  from  the  slope  will  tend  to  be 
lower  than  the  integrated  value  if  the  y-intercept  Is  positive,  and  higher 
than  the  integral  value  if  the  y-lntercept  is  negative. 

A ntinher  of  such  plots  have  been  made  and  they  show  sc'jne  rather  inter- 
est irig  effects,  Figure  38  shows  CO  plotted  against  CO2  for  the  J79  at 
military  power  and  at  each  of  the  five  axial  stations.  It  should  be  noted 
that  remarkahlv  consistent  emission  indices  are  obtained  from  the  slopes 
of  tlie  Individual  lines,  even  with  emission  Indices  of  only  2.2  to  2.9  and 
with  CO  concentrations  as  low  as  4 ppm.  Furthermore,  the  values  of  emission 
indices  agree  quite  well  with  those  obtained  from  the  integrated  values  at 
axial  stations  near  the  exhaust  nozzle,  as  shown  in  Table  14,  The  CO  inter- 
cept lies  between  2.1  and  4,fi  ppm  for  each  plot  in  Figure  38. 

I'iipire  39  shows  CO  concentration  plotted  against  CO2  for  the  .179  ,tt 
mid  A/H  power  level  and  at  eacli  of  the  five  axial  stations.  These  curves 
demonstrate  the.  appearance  of  the  plots  In  cases  of  strong  contaminant 
coiisumpi;  Ion  In  the  plume,  At  the  nozzle  exit  location,  the  exhaust  is 
extremely  nonuuifnrm,  and  no  particular  pattern  Is  evident.  Local  emission 
indices  range  from  27  to  180.  At  the  7.5-foot  axial  station,  a character- 
istic hook-shapod  curve  develops  whlcli  seems  to  be  indicative  of  intense  mixing 
and  CO  consumption,  llif.s  Is  to  be  expected  .since  maximum  temperature.s  are 
ne.ir  3400°  i\.  Local  emI.SHiuu  indices  range  from  127  to  17.  At  15  feet  aft 
of  the  I'ozzlc,  tile  curve  l.s  straightening  somewhat.  Maximum  temperatures  of 
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3040''  K Indliato  that  CO  consumption  la  still  quite  rapid,  as  does  the  fact 
that  the  minimum  local  Index  la  still  17  compared  to  the  maximum  of  89. 

At  the  30-i'out  station  the  CO  consumption  rate  Is  quite  low  since  the 
maximum  temperature  is  only  1680”  R.  Mixing  Is  not  yet  complete,  as  indi- 
cated by  the  curvature  of  the  plot.  At  the  60-foot  station,  mixing  and 
reactions  are  complete,  as  Indicated  by  the  atralght-llne  plot.  An  intercept 
of  18  ppm  is  indicated.  The  emission  index  is  43,  as  calculated  from  the 
slope,  compared  to  46  calculated  from  the  integral  programs. 

Figure  40  demonstrates  the  application  of  the  slope  method  to  calcula- 
tions of  NOx  omission  index  tor  the  J79  at  maximum  A/B  power.  At  this  power 
level,  the  NO^  is  distributed  with  the  C02,  and  a fairly  straight  line 
results,  even  at  the  nozzle  exit  location.  Kmlssion  Indices  as  calculated 
from  the  slopes  are  fairly  constant  .it  each  of  the  five  sampli.ag  stations. 

In  each  case,  the  NOx  intercept  Is  quite  small. 

I'.'gure  41  shows  HC  concentration  plotted  against  CO2  concentration 
for  the  J79  engine  at  minimum  A/B  power  and  at  each  of  the  five  axial 
stations.  At  the  nozzle  exit  location,  the  highest  unburned  HC  concentra- 
tion occurs  near  the  engine  centerline,  while  the  highest  CO2  concentration 
(highest  fuel-air  ratio)  occurs  behind  the  flameholders . Tlie  HC  near  the 
centerline  Is  rapidly  consumed  as  the  exhaust  moves  away  from  the  nozzle  and 
the  centerline  gases  mix  with  the  hot  surrounding  gases.  ITiis  is  apparent 
in  the  plots  at  the  7.5  and  15-foot  locations.  At  the  30-foot  location, 
the  plot  is  nearly  linear,  Indicating  that  HC  consumption  is  completed  and 
mixing  is  nearly  complete.  At  the  60-foot  location,  the  linear  plot  Indi- 
cates that  both  mixing  and  reactions  are  complete.  Note  that  for  data  at 
the  60-foot  location,  the  negative  HC  values  indicate  an  obvious  negative 
shift  in  the  HC  analyzer  zero  setting.  In  spite  of  this,  the  slope  method 
still  yields  a reliable  value  of  the  emission  index.  The  weighted  average 
emission  index,  calculated  in  the  usual  m.anner  (from  the  integration  program), 
is  0.1  lb  per  1000  lb  fuel,  while  the  value  obtained  from  the  slope  method 
Is  1.7.  The  latter  is  obviously  more  nearly  correct,  as  can  be  seen  from 
examination  of  the  plots  of  Figure  41. 

Figure  43  shows  similar  data  at  mid  A/B  power  level.  In  this  case, 
the  pint  at  the  nozzle  exit  shows  that  high  HC  concentration  initially  occurs 
both  Inside  and  outside  the  flame  stabilization  region.  As  the  exhaust  moves 
away  from  the  nozzle,  the  HC  near  the  centerline  is  completely  consumed  while 
that  near  the  outer  plume  edge  is  partially  consumed,  as  shown  by  the  plots  at 
the  7.3-  and  15-foot  locations.  At  the  30-foot  location,  reactions  are 
complete  and  mixing  is  nearly  complete.  Data  at  both  the  15-  and  30-foot 
locations  indicate  some  circumferential  nonuniformity,  with  both  the  upper 
right  and  upper  Left  quadrants  having  high  hydrocarbon  concentration.  At 
the  60-foot  location,  reactions  and  mixing  are  complete.  Again,  the  plot 
for  the  60-foot  location  yields  a negative  intercept  on  the  HC  axis,  as  did 
the  minimum  A/B  data  (Figure  41).  This  might  be  expected  since  the  two  test 
points  were  run  in  succession  on  the  same  day.  It  Is  interesting  to  compare 
the  plots  of  Figure  42  witii  the  radial  profiles  of  the  same  data  shown  in 
Figures  36  and  37. 


1 10 


26-2 


Concentration  for  J79^15  Engine 


enlrai  ion  for  -J79-I5  Enjiine  at  Min.  A H P<'wer,  at  Ead'.  of 
ions. 


ive 


The  em Ins  Ions  plots  versus  CO2  are  valuable  as  graphical  displays  whieli 
are  interpretable  in  terms  of  the  degree  of  mixing  and  reaction  occurring  in 
the  plume.  Under  conditions  where  the  local  emission  indices  vary  widely 
over  Che  plume  cross  section,  it  is  obvious  that  a vjeighting  method,  such  as 
the  Integral  technicjue  used  here,  must  be  used  for  accurate  evaluation  of 
the  overall  emission  index.  in  the  case  where  the  emission  index  has  become 
constant  across  the  plume,  it  appears  that  tha  slope  of  the  emission  concen- 
tration versus  CO2  gives  a more  reliable  measure  of  the  emission  index, 
especially  at  very  hlgli  air  dilution  values. 

compuver  program,  culled  ABE,  was  written  to  calculate  the  linear  fit 
of  cen tarn Lnaii f cen-.-ent  ration  against  CO2  concentration  by  the  method  of  least 
squares.  When  mixing  and  re-sctions  ere  ci'T'plete  _ the  linear  relationcl'.ip  is 
closely  followed,  and  tile  slope  of  the  line  is  dimply  related  to  tic  emission 
index.  This  data  treatment  method  Is  not  only  i „terpr'’table  in  terms  of  '^l.e 
degree  of  mixing  and  reaction  in  the  plume,  but  is  also  amenable  tc 
statistical  analysis. 

Table  l.'i  shows  ;in  example  of  the  ABE  progr.'-m  printout  lor  a J79  1 nt>inR 
test  point.  This  particular  test  point,  sampled  60  feet  aft  of  the  engine 
at  military  oower,  give.s  generally  the  lowest  con.'entrations  of  the  various 
iiieii.sured  spac  ios  in  the  exhaust.  The  first  column  of  the  table  gives  :he 
probe  number  .and  the  second  gives  tha  probe  angle.  The  probe  is  horizontal 
at  ^5  degrees,  passes  through  Che  projected  engine  centerline  at  approximately 
90  degrees,  and  l.s  vertical  at  135  degrees.  The  next  five  colunuis  give 
raea.-.aiod  exhaust  concentrations  of  various  species,  corrected  to  c wet  basis, 
that  i'.i,  corrected  f'>r  both  combustion  water  and  inlet  air  humidity.  Each 
column  of  emisbion  data  is  fit  to  the  linear  equation  Y = BO  + B1  x CO2  by 
the  method  of  least  squares.  In  this  equation  Y is  the  emission  concent..‘a- 
tioii  (CO.  HC,  N’Ox,  or  nC)  , BO  is  the  intercept  on  the  Y ax^s,  R1  is  the 
slope  lU  the  line,  ;ind  CO2  is  tiio  COy  concentration.  Tiie  last  four  columns 
give  the  deviation  (calculated  minus  actual  values)  of  each  data  point  from 
the  calc  ilaCed  line. 

In  the  lower  part  of  the  table  me  the  calculated  BO,  Bl,  correla- 

tion coef  *' ic  icn  C , emission  Index  (El),  and  staidard  deviation.^  of  the  values. 
The  correlation  coefficient  is  an  index  of  how  closely  the  data  follows  a 
Linear  relationship.  A perfect  llr.ccr  rel.orir  .ash  Ip  with  positive  slope  is 
indicated  by  the  maximum  correlation  coefflcl.nt  of  1.00.  In  this  .irticular 
case,  fairly  good  linear  correJaticn  is  ir.di^ated  by  coef  f Icleiits  between 
0.97  and  0.9b. 

The  utiiits  of  this  method  of  data  reduction  at  very  high  air  clilutjor. 
values  :s  il  lustrac..’cl  by  the  fact  that,  even  wit',,  these  extremely  low 
concen  irat  lens , i:.alculited  emission  ind'ces  are  in  good  agreement  with  values 
calc'ilated  1 rom  the  integral  programs  at  the  nozzl-i  exit  locations.  Further 
indication  of  data  coiisistenc'’  is  shown  by  the  low  relative  standard  devia- 
tion of  rh.j  emission  irniices  and  lalrlv  good  I’ncar  correlation  coefficients. 


Ill 


Table  15.  Typical  ABE  Computer  Program  Ptlntcut 


Afterburner  Eralsalone  Curve  Fit  Calculations 
Engine  - J79  Power  Setting  - MIL  Station  - 60 


Run  ~ 28 

“1 

Humidity 

- 15.5 

H/C 

Ratio  - 2 

Wet 

Concentrations 

Calculated  - Actual 

CO  2 

CO 

HC 

NOx 

NO 

CO  HC 

NOx 

NO 

Probe 

Angle 

PCT 

ppm 

pp- 

ppm 

ppm 

ppm  ppm 

ppm 

ppm 

1 

46 

0.168 

6.0 

0 

6.6 

5.8 

0.1  0 

0.6 

1.3 

1 

55 

0.205 

6.4 

0 

7.8 

7.6 

0.2  0 

0.6 

0.7 

1 

64 

0.268 

7.4 

0 

10.0 

10.1 

0.0  0 

D.9 

0.2 

1 

73 

0.34  3 

7.9 

0 

12.4 

11.8 

0 , 5 r. 

1 .3 

1.0 

1 

82 

0.  379 

8.7 

0 

14.2 

13.5 

0.2  II 

0,6 

0.5 

1 

91 

0.383 

8.7 

0 

14.6 

13.8 

0.3  0 

1) . 5 

0.3 

1 

iOO 

0.363 

7.9 

0 

13.9 

13.0 

0.7  0 

0.5 

0.5 

1 

109 

0.298 

8.1 

0 

12.9 

10.7 

^0.3  0 

-0.9 

9.6 

1 

118 

0.253 

7.4 

0 

10.1 

9.9 

-0.2  0 

0.2 

-0.1 

1 

127 

0.172 

6.1 

0 

8.2 

7.1 

0.0  0 

-0.9 

9.1 

1 

136 

0.119 

6.2 

0 

5.6 

4.9 

0.3  0 

-0.2 

0.6 

2 

46 

0.137 

5.7 

0 

5.2 

6.7 

0 0 0 

0.9 

-0.6 

2 

55 

0.180 

6.4 

0 

7.7 

8.2 

-0 , J 0 

-0.1 

-0.7 

2 

64 

0.239 

7.5 

0 

10.3 

10.2 

-0.4  0 

-0.4 

-0.8 

2 

72 

0.284 

7.9 

0 

12.4 

11.4  ■ 

-0.3  0 

-0,9 

-0.5 

2 

81 

0.343 

8.8 

0 

14.4 

13.5 

-0.3  0 

-0.7 

-0.7 

2 

90 

0.367 

9.1 

0 

15.0 

14.3 

-0.3  0 

-0.4 

-0.7 

2 

99 

0.339 

8.6 

0 

14.2 

13.4 

-0.2  0 

-0.6 

-0.7 

2 

108 

0.264 

7.7 

0 

11.9 

10.2 

-0.3  0 

-1.1 

0.0 

2 

117 

0.192 

6.7 

0 

8.8 

8.7 

-0.3  0 

-0.7 

-0.9 

2 

125 

0.109 

5.3 

0 

5.0 

5.6 

0.1  0 

0.1 

-0.5 

2 

134 

n.071 

4.6 

0 

3.3 

3.4 

n.,2  0 

0 . 3 

0.5 

Least  Sciuares  Fit 

Y ■=  BO 

+ fll*C02 

Standard  Devlatli'ns 

Corr 

EO 

B1 

Coef  f 

FT 

Y 

BO 

B1 

F.I 

CO 

3.89 

13.21 

0. 

9729 

2.64 

0.303 

0.702 

0.187 

0.037 

HC 

0 

0 

1. 

0000 

0 

0 

0 

0 

0 

NOx 

1.03 

36.  b2 

0. 

9799 

12.06 

0.72  3 

1.676 

0.446 

0.146 

NO 

1.56 

32.77 

0. 

9793 

10.74 

0.654 

i . 5 ! 4 

o . 4('.  1 

(.'.132 

MO 


Table  16  and  17  give  a complete  suomary  of  uesults  of  tlie  ABE  computer 
pcogram  caJculations  for  both  the  J79  and  J85  afterburner  emissions  tests.  As 
can  be  seen  in  these  tables,  for  any  given  power  level,  the  correlation 
coefficient  generally  Increases  and  the  standard  deviation  decreases,  with 
increasing  axial  distance,  lliia  is  a consequence  of  the  fact  that  the 
emissions  plotted  against  CO2  becomes  linear  when  chemical  reactions  and 
mixing  are  both  complete.  Good  linearity  is  shown  by  correlation  coefficients 
above  about  0.96,  with  lower  values  indicating  lack  of  complete  mixing.  With 
low  values  of  correlation  coefficient,  the  calculated  emissio:.  index  iriay  be, 
of  course,  considerably  in  error.  Many  correlation  coefficients  for  CO  and 
NOx  are  above  0.99,  indicating  excellent  linearity. 

Correlation  coefficients  for  HC  measurements  are  considerably  lower 
-han  for  CO  and  NOx.  ®f>d  the  intercept  (BO)  values  are  quite  erratic.  This 
behavior  indicates  a definite  problem  with  the  stability  of  the  hydrocarbon 
analyzer.  This  problem  was  investigated  prior  to  the  Phase  III  engine  rests 
and  is  discussed  in  a later  section  of  this  report. 

This  technique  of  determining  emission  indices  from  the  slope  of  the 
emission  concentration  versus  CCc  linear  plots  appears,  on  the  basis  of 
results  summarized  here,  to  be  the  moat  reliable  method  of  determining 
emission  indices  at  very  high  air  dilution  values . This  method  was  thus 
chosen  to  be  the  basis  of  the  proposed  afterburner  emission  measurement 
technique  for  sampling  stations  sufficiently  far  from  the  engine  that 
mixing  and  reactions  are  complete. 

Although  the  slope  method  of  data  evaluation  Is  more  accurate  at  high 
air  dilution  values,  there  is  still  some  uncertainty  in  the  data  shown  in 
Table  16  and  17  due  to  probletus  wit.i  the  CO2  analyzer,  which  was  mentioned 
earlier  in  this  report.  The  general  ter dency  is  for  the  emissions  1-jvel 
of  the  Phase  II  data  to  be  higher  than  the  actual  value  due  to  these 
problems.  (See  Section  8 of  this  report  for  a comparison  of  all  emissiens 
data  at  each  axial  statlor:  lor  both  the  Phase  II  and  Phase  III  engine  teat 
measurements  . ) 


^ ^ EFfCCT  OF  AFTERBURNING  ON  NQx  EMISSIONS 

Since  there  l.a  no  mechanism  for  consumption  of  total  NOx,  either  in 
the  afterburner  or  the  plume,  the  NOx  produced  in  the  malnburner  passes 
through  the  aftsrburnei  and  out  into  the  surrounding  atmosphere.  In 
addition,  NOx  ''i'f'  or  may  not  be  formed  in  the  afterburner,  depending  mainly 
on  the  power  level.  Since  fuel  is  added  in  the  afterburner,  it  is  not 
clear  from  the  change  in  total  emission  index  whether  or  not  an  actual 
increase  in  total  NOx  flow  has  occurred. 

The  amount  of  total  NOx  actually  formed  in  the  afterburner  can  best  bo 
evaluated  by  defining  an  afterburner  emission  index  for  NOx,  EI,\g,  as  the  NOx 
formed  j.n  the  afterburner  divided  by  the  afterburner  fuel  flow.  Such  values, 
calculated  for  each  of  the  two  engines,  are  shown  in  Tabic  18.  The  total 
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NO^  flow  is  obualried  from  the  Integral  computer  program.  The  fractional  NOx 
increase  (NOx  flow  divided  by  NO^  flow  at  military  power)  is  quite  low  for 
both  engines  at  minimum  A/B  power  level.  At  maxlaum  A/B  power,  the  total 
NOx  flow  for  the  J85  Increases  by  91  percent  over  the  value  at  military  power, 
while  the  increase  is  but  38  percent  for  the  J?9,  even  though  both  engines 
have  approximately  the  same  afterburner  emission  index  (1.0  and  2.1).  The 
higher  fractional  Increase  In  total  NOx  A/B  Is  due 

to  the  fact  that  the  J85  has  a considerably  lower  NOx  emission  index  at 
military  power  (4.4  versus  12.0  for  Che  J79)  . This,  In  turn,  is  a result  of 
the  lower  engine  pressure  ratio  and  the  lower  combustor  inlet  temperature  (T3) 
of  the  J85. 

Although  only  small  Increases  in  total  NOx  occur  In  the  afterburner  at 
luw  A/B  power  levels  as  shown  in  Table  18,  considerable  conversion  of  NO  to 
NO2  can  occur  under  these  conditions,  as  shown  in  Figure  43.  Figure  43 
compares  NOx  NO  profiles  at  the  nozzle  exit  location  for  the  J85  at 
military  power.  Under  these  conditions  about  53  percent  of  the  NOx  fs  NO. 

At  minimum  A/B  power,  however,  considerable  conversion  of  NO  to  NO2  occurs, 
as  shown  in  Figure  43.  At  minimum  A/B  power,  only  about  10  percent  of  the 
total  NOx  is  NO,  even  though  the  total  NOx  formed  is  the  same  for  the  two 
power  levels.  Figure  44  shows  .similar  data  for  the  J79-15,  For  this  engine, 
some  increase  in  total  NOx  occurs  in  the  high  temperature  region,  while 
considerable  conversion  to  NO2  occurs  outside  the  high  temperature  region. 

The  decrease  in  total  NOx  along  the  engine  centerline  at  minimum  A/B  power 
has  not  been  explained. 
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SECTION  6.0 


PLUME  MODEL  VERIFICATION 


Validation  of  the  plume  model  began  as  part  of  the  Phase  II  effort  on  this 
program  and  continued  Into  Phase  III.  The  Integrated  plume  model  was  verified, 
after  some  modification  and  adjustment,  by  Inputting  nozzle  exit  gas  sample 
data  from  the  afterburner  emissions  tests  of  J85-5  and  J79-15  engines  described 
In  Section  5.0  of  this  report;  calculating  the  mixing,  homogenization,  and 
contaminant  consumption  reactions  in  the  exhaust  plumes;  and  comparing  the 
predicted  profiles  with  those  measured  In  the  tests  at  several  distances  from 
the  engine.  These  comparisons  are  presented  In  this  section  of  this  report. 

Some  elements  of  the  plume  model  were  Independently  verified  by  comparison 
with  experimental  data  drawn  from  the  literature  or  generated  previously.  The 
comparison  of  JETMIX  predictions  with  measured  mixing  profiles  in  turbulent 
inert  gas  Jets  was  described  by  Heck  (Reference  30).  Empirical  constants 
appearing  In  the  Spalding  heterogeneity  formula  were  evaluated  by  comparison 
of  calculations  with  measurements  of  Becker,  Hottel,  and  Williams  (Reference 
31),  although  one  of  these  constants  was  subsequently  modified  after  integration 
Into  the  plume  model  (see  Section  4.4),  The  chemical  reaction  system  used  with 
GCKP  was  tested  by  comparison  of  calculated  and  measured  decay  of  CO  behind  an 
ethylene-air  flat  flame  (Reference  32) , and  SCKP  was  tested  by  comparison  with 
GCKP. 


6.1  COMPARISON  WITH  J85-5  TEST  DATA 


Test  data  acquired  in  the  emissions  tests  of  a J85-5  engine  with  after- 
burner, Including  engine  operating  parameters,  fuel  and  ambient  air  properties, 
and  total  pressure  and  gas  sample  analyses  from  traversing  probes  located  near 
the  exhaust  nozzle  exit  plane,  were  used  as  Input  to  the  plume  model.  Profiles 
of  fuel-air  ratio  and  contaminant  concentration  were  calculated  at  various 
stations  downstream  from  Che  engine  and  compared  with  measured  profiles  at 
those  stations.  Integrated  emissions  Indices  were  calculated  from  the  predicted 
profiles  and  compared  to  overall  emissions  indices  derived  from  the  measurements 
either  by  integration  of  the  profiles,  or  by  the  slope  method,  as  appropriate. 
These  comparisons  are  presented  in  Figures  45  through  62. 

Because  the  plume  model  can  accommodate  no  more  than  eleven  different 
radial  gas  compositions  as  input,  whereas  a typical  survey  consisted  of  24 
samples,  it  was  necessary  to  select  a representative  set  of  samples  from  the 
full  survey.  The  resulting  initial  profiles  used  by  the  plume  model  are  com- 
pared with  the  full  sets  of  measurements  In  Figures  45,  46,  and  47.  The  over- 
all emissions  indices  of  Che  selected  samples  agreed  with  those  of  the  full 
survey  within  10  percent,  as  shown  by  the  left-hand  bars  of  Figures  50,  56, 
and  63, 
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Data  and  calculatlona  for  t\\e  lowest  afterburning  engine  powei  aettliw, 
(diin  A/R)  are  shewn  In  Figures  45  through  50.  The  predicted  profiles  siiou 
acceptable  agreeaent  witli  the  sample  data  points,  escept  for  tiie  fuel-air 
ratio  profile  at  X = 30  feet  from  the  engine,  where  aeasured  fuel  concentra- 
tions are  extresely  low  (Table  9 sfiows  low  fuel  flow  continuity  for  the 
neasureaents  at  thie  station).  The  predicted  overall  enlsslons  indices  at 
eacl^  station  agree  with  those  derived  from  the  iMasurement s , wit  iln  reason. 

The  predicted  und  neasured  net  increase  In  CO  from  X = 0 to  X ^ 3.75  feet  Is 
due  to  lie  consuapclon,  which  generates  CO  faster  than  it  can  be  ronsunied. 

The  neasured  Increase  in  CO  from  X = 7.5  to  X “ 15  is  not  confirned  bv  the 
model,  and  cannot  be  esplalner!  by  MC  consumption.  The  model  predicts  no 
change  in  N'O,;,  at  any  engine  power  setting;  this  prediction  is  verified  bv 
the  measureraent.s . 

Data  and  calculations  for  Che  Intormed  1 ate  a'’tert'urning  engine  power 
setting  (mid  A./R)  -are  shown  in  Figures  51  through  5A.  AcceptaMe  agreement 
was  obtained  between  predicted  and  measured  profiles  and  overall  emissions 
Indices.  Ttic  least  ,sa  t 1 s f ac  t orv  agreement  was  in  the  overall  H'  consunpt  Ion  , 
where  the  predicted  consumption  was  domewh.*»t  less  thati  measured. 

Comparisons  for  the  highest  afterburning  engine  power  setting  (max  A/B 
are  given  in  Figures  57  through  62.  Again,  agreement  was  generally  satl.sfac- 
tory  except  for  HC  consumption  In  the  streamtubes  near  the  plume  centerline, 
where  predicted  consumption  lagged  the.  measured  values.  Overall,  however,  the 
plume  model  predicted  nearly  complete  consumption,  as  was  measured. 


6 . 2 CQHPARISON  WITH  J79-15  TEST  DATA 


Test  data  from  the  emisolons  tests  of  an  afterburning  J79-15  engine  were 
also  used  to  validate  the  plume  model,  in  the  same  manner  as  the  .185  test  data 
described  in  the  preceding  section.  Since  the  J79  Is  roughly  twice  the  diameter 
of  the  J85,  the  distances  downstream  at  which  calculated  and  measured  profiles 
were  compared  were  twice  as  great.  The  comparisons  are  presented  In  Figures 
63  through  80.  Figures  63,  69,  and  75  Illustrate  tiie  selection  of  eleven 
samples  from  the  full  survey  to  define  initial  (X  = f!)  profiles  from  which  the 
plume  model  predicted  the  development  of  profiles  further  down.st ream . 

Data  and  calculations  for  the  minimum  A/B  engine  power  setting  are  shown 
in  Figures  63  through  68.  The  agreement  between  predicted  profiles  and  sample 
data  points  Is  excellent  at  all  axial  stations.  As  was  oh.served  for  the  .185, 
neither  theory  nor  measirement  indicates  any  NOx  consumption  or  generation 
in  the  plume  at  any  power  setting. 

Data  and  calculations  for  the  mid  A/B  engine  power  setting  are  compared  in 
Figures  69  through  74.  At  the  far  downstream  .stations,  the  agreement  is  accept- 
able. The  predicted  overall  residual  level  of  HC  is  only  about  half  of  the 
measured  resld'ial,  but  in  term.s  of  percent  of  Initial  HC  consumed  In  the  plume, 
the  agreement  is  much  better.  At  intermediate  stations,  the  calculations  pre- 
dicted more  rapid  consijmption  of  both  CO  and  HC  tiian  was  measured. 
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182 


^ Model  Profile  Predictions  Compared  with  Phas 
A/D,  X = 0, 


ee 
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Comparisong  for  the  naxlaua  A/B  engine  power  setting  are  given  In  Figures 
75  through  80,  Again:  the  agreenent  Is  acceptable  when  comparison  Is  made  on 
percent  conauaed.  The  analysis  predicted  quenching  of  the  CO  consumption 
reactions  earlier  than  the  data  indicate:  the  predicted  HC  consumption  was 

to  very  low  levels  although  not  to  the  complete  elimination  Indicated  by  the 
neasurenentB. 

All  six  cases  in  this  and  the  preceding  section  were  run  using  SCK.P,  the 
computationally  efficient,  approximate  chemical  kinetics  routines.  The  J79 
minimum  A/B  case  was  also  run  with  GCKP,  the  NASA-developed  formal  kinetics 
routines.  The  results  were  essentially  identical. 


6,3  COMPARISON  WITH  ALTITUDE  WIND  TUNNEL  DATA 


In  addition  to  predicting  emissions  consumption  in  exhaust  plumes  of 
afterburning  engines  undergoing  sea-level  static  tests,  the  analytical  plume 
model  Is  capable  of  modeling  engine  exhaust  plumes  In  a moving,  hlgh-altltude 
environment.  This  capability  Is  potentially  useful  In  predicting  contaminants 
released  Into  the  upper  atmosphere  by  aircraft  with  afterburning  engines. 

To  validate  the  altitude  capability  of  the  plume  model,  gas  sample  data 
from  a survey  made  near  the  exhaust  nozzle  of  a J85  engine  mounted  in  a super- 
sonic wind  tunnel  were  Input  to  the  model,  and  the  model's  predictions  of 
plume  development  and  contaminant  consumption  were  compared  with  data  obtained 
at  axial  stations  farther  downstream.  The  tests  were  performed  for  FAA  at 
AEDC  (Reference  33). 

Predicted  and  measured  fuel  and  contaminant  profiles  are  compared  In 
Figures  81  through  83,  Agreement  is  generally  satisfactory.  The  static  pres- 
sure in  the  plinae  was  1.3  psla  in  these  tests.  At  this  pressure,  the  CO  con- 
sumption reactions  are  essentially  quenched.  The  model  predicted  20  percent 
consumption  of  hydrocarbons,  which  seems  to  agree  with  the  measurements.  The 
emissions  consumptions  at  altitude  are  much  lower  than  at  sea  level  static 
because  of  the  low  reaction  pressure  levels  and  the  low  static  temperature 
resulting  from  the  higher  pressure  ratio  expansion.  With  these  lower  consump- 
tion levels,  the  model  provides  generally  more  accurate  prediction  than  for 
sea  level  operation. 
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SECTION  7.0 


DEVELOPtffiNT  OF  AFl'ERBURNER  EMISSIONS  MEASURE?-ffi:NTS  PROCEDUEES 


7.1  GENERAL  CONSIDERATIONS 

The  Phase  IT  afterburner  emlsatons  meaeurementB  on  the  J65  and  J79  engines 
confirmed  previously  anticipated  complexities  encountered  In  assessing  emis- 
sions levels  at  the  nozzle  exit  plane.  Sampling  probes  muet  be  designed  so  as 
not  only  to  vd.thstand  the  severe  environment  but  also  to  quench  the  reactions 
at  the  probe  Inlet.  The  exhaust  is  generally  so  nonuniform,  both  radially 
and  circumferentially,  that  a relatively  large  number  of  sample^,  arc  required, 
and  local  total  pressure  measurements  are  required  to  properly  mass  weight  the 
individual  measurements.  Accurate  probe  position  measurements  are  required  to 
properly  assess  the  area  weighting  factor  for  each  local  measurement.  Finally, 
the  local  measurement  must  be  processed  through  the  extremely  complex  plume 
model  computer  program  in  order  to  evaluate  emissions  levels  ultimately  emitted 
into  the  atmosphere. 

Measurement  of  emissions  at  an  axial  station  far  enough  dovmstreairi  of  the 
engine  that  mixing  and  plume  reactions  are  complete  avoids  many  of  the  diffi- 
culties associated  with  the  nozzle  exit  plane  measurements.  The  low  concen- 
trations encounrered  at  the  downstream  locations  require  measurement  sensitivity 
somewhat  better  than  that  normally  required  for  main  engine  emission  measure- 
ments. A data  reduction  procedure  was  developed  in  Phase  It  which  accounts  for 
the  ambient  levels  of  emissions.  Although  the  procedure  does  not  evaluate 
carbon  balance  as  a test  for  representative  sampling,  various  statistical 
methods  are  available  to  check  for  overall  data  consistency. 

The  major  potential  drawback  of  the  downstream  measurement  method  is  that 
it  requires  considerable  open  area  behind  the  engine  and  would  generally 
necessitate  an  outdoor  test  facility.  Since  this  requirement  might  unduly 
restrict  the  applicability  of  the  afterbur.ier  emissions  measurement  techniques, 
it  was  decided  that  the  finalized  procedure  developed  on  this  program  would 
include  both  the  downstream  measurement  method  and  the  nozzle  exit  plane 
measurement  method.  The  downstream  method  Is  the  preferred  method  and  is 
referred  to  as  the  "Far  Plume"  procedure.  The  nozzle  exit  plane  method, 
referred  to  as  the  "Near  Plume"  procedure.  Is  the  alternative  procedure 
which  may  be  employed  if  no  test  facility  Is  available  which  meets  the 
requirements  of  the  ^ar  Plume  procedure. 

The  finalized  measurement  procedure  Is  presented  in  Appendix  B of  this 
report.  The  general  format  used  l.s  similar  to  that  of  SAE  ARP  1256.  In 
specifying  the  measurement  equipment  used,  an  effort  was  made  to  per.'-, It  utili- 
zation of  the  same  equipment  as  that  used  for  main  engine  emissions  measure- 
ments, as  specified  In  ARP  1256. 
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The  SAE  AKP  1256  (Issued  10-1-71)  has  been  followed  In  these  procedures 
as  far  ae  practicable.  However,  the  SAE  document  is  becoming  outdated,  and 
efforts  . revision  are  in  progress  at  the  time  of  this  writing.  Procedural 
differences  between  ARP  1256  and  the  afterburner  emlsslon.s  measurement  pro- 
cedures presented  here  arise  either  from  anticipated  revisions  to  ARP  1256  or 
from  the  basic  requirements  of  the  afterburner  roeaeurements . Major  differences 
are  listed  below: 

Equipment  - APP  1256  specifies  NDIR  and  NDirv'  Instruments  for  NO  and  Nri2 
measurements,  while  the  A/R  procedures  specify  a chemiluminescence  insttument 
with  converter. 

Sample  Line  Temperature  - ARP  1256  specifies  302  + 9°  F,  while  the  A/R 
procedures  specify  300  + 27°  F,  anticipating  a similar  revision  in  ARP  1256. 

Sample  Transit  Time  - ITie  A/R  procedures  require  lo-.second  sample  transit 
time,  while  ARP  1236  requires  2 seconds. 

Sampling  - ARP  1256  permits  mixed  samples,  while  the  A/B  procedures  re- 
quire Individual  samples.  Also,  for  the  "Near  Plume"  procedure,  22  sample 
points  are  required  rather  than  12  In  ARP  1256. 

Probe  Temperature  - The  probe  temperature  is  nut  specified  in  ARP  1256, 
while  the  A/B  procedures  require  the  sample  line  within  the  probe  to  be  main- 
tained between  160  and  327°  F. 

Data  Reduction  - ARP  1256  requires  averaged  values  to  be  reported.  Con- 
siderably more  extensive  data  reduction  procedures  are  required  for  A/R  emis- 
sions measurements. 

Several  other  general  conments  regarding  these  procedures  are  appropriate 
at  this  point.  Considerable  conversion  of  NO  to  NOt  at  certain  afterburning 
conditions  was  found  in  the  Phase  II  afterburning  emissions  measurements. 

This  conversion  of  NO  to  NO2  In  afterburners  can  he  quite  important  since.  In 
at  least  one  reported  case  Involving  an  afterburning  engine  (Reference 
sufficient  NO2  existed  In  tlie  exhaust  titat  the  plume  was  visible.  In  the 
proposed  afterburner  emissions  measurement  procedure.  It  Is  thus  important 
that  lioth  total  NOj^  and  NO  measurements  he  made  since,  at  least  for  some 
future  engines,  it  may  be  necessary  to  set  some  limit  on  tlie  NO2  concentration 
In  order  to  prevent  plume  visibility. 

Due  to  the  potentially  high  NO2  concentration  in  the  exliaust  of  after- 
burning engines,  it  is  particularly  import  .'t  that  the  converter  In  itie  No 
analyzer  be  highly  efficient  and  that  freq..  -nt  checks  t'e  made  to  assure  proper 
operation  of  the  converter.  This  factor  wa  ; considered  In  the  proposed  emis- 
sions measurement  procedure. 

Tt  1b  recommended  tliat  smoke  measurements  not  be  required  for  eivjlues  at 
afterburning  power  levels.  Smoke  measurement h made  In  Phase  !I  on  tiie  .179-15 
engine  showed  a decrea  e In  smoke  level  with  increasing  retieat  power  level. 
This  is  to  he  expected  since  conditions  in  tire  malnburner  are  most  conducive 
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to  smoke  formation,  while  tlu-  hlsh  temperature,  liiw  pressure  loiul  1 1 loi.s  In  the 
afterburner  would  tend  to  oxldi/e  smoko  particles  and  hence  reduce  the  smoke 
level.  rhe  hl^;host  smoko  levels,  tluiH,  are  likclv  to  occur  under  nouatter- 
hurnlnj;  condltlon.s,  and  ,uits|uate  procedures  /tlreH<lv  exist  for  sucti  menHure- 
mentH  (e.x.  S,\K  ARP  llf'^l. 

I'he  lllializeil  me.isui  eliieUL  1. 1 ev  edu  i e , de.scrll.eU  in  ,i  I oi  iii..,L  slinliur  to 
that  used  for  SAP  aKP  IJoir,  Is  present  i-d  ,i.s  Appendix  11  oi  this  report.  the 
finalized  measurement  procedure  is  divided  into  two  p.iits;  Part  A ••  Far  Plume 
Procedure,  and  P.trt  B - Near  Plume  Procedure.  Inch  part  Is  divided  Into  nine 
sections  as  fsillows: 

1 . !)ef  1 n 1 1 I on;’. 

2.  .Aiijlvsls  Krju  I p:i;eu  t 

3.  Samplln^t  I'qu  1 pru-nt 

A.  Ipuipnetu  l.ivoiil 

3 . lost  r ■ii'ieu  ' Kr  • in.--. 


Keterence  oases 
Test  Procedure 

Minimum  Tnformat Irnt  to  he  Recorded 
Calculation  of  Ke.snlt.s 


iioine  d Iscus.s  loc,  ol  :.pe.  liic  let. ills  i oc  two  n.i.i:- 
contained  in  tlie  toliowiuv,  .sectKms  of  thi.s  report. 
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/ . 2 FAR  PLUME  PROCRDb'RK  fPAK'!  A) 

Section  A2  - Analysis  I'.p-alpmeiit  • SiiIR  instruments  are  .specified  for  t'.O 

and  Ct>2  measu  remenr  ■» , il.c'.ic  lonlzatt.m  .l,rlc.  tor  lot  m , and  ^ iiem  1 1 urn  ; .lescenc  e 

analyzer  with  converter  for  N>'  and  'I’h  I s follows  the  F:‘.\  equip  .ent 

spec  1 f 1 cat  I ons  (Fed-.ral  it.  ■■  i -.t  ci  , 'ulv  I.',  I'l.’jl  lathcr  thnii  tlie  .'oH  K -N'lUiV 
combinations  for  re.isnrcc.i  n l si-e.,  ■ i i c.i  in  AW  I.'''!’,  F.>r  the  N'l'lR 

instruments,  zero  driit  an.i  .ic,  ,!ii;l  ,u  > -pc.  itic.l  .is  o.'  per  init  I.t  1 

hour,  rattier  tliaii  i per.  ent  ■ui  " 'n  i ill.-  ic...;i:ed.  Rcp”,it  a'' i 1 i t .md 

noise  are  s’pek’iiicd  .it  ..  .is  ! icnsitf'-it.  t'  , ,"'i  for  I'h  and  O.noB 

percent  for  'I'j  is  revquiic-l.  ii. l.itt.i  ii  .qa  I ut ■u''.-  .oiislsicMU  with  t hr- 
lower  conr'ent  ra  L ion  level’,  .iic. -'in  t e r<  d -.vitl;  t 1k’  F.ir  ','lume  I'locedure.  For  tlie 
HC  and  NO  analyzers,  the  ii  i w,  , .a-r.'  di  ill,  ;n.l  span  ..1:  1 t .ire  as  specified  In 
AKP  123A,  since  the  more  TfC-iiti  < : lO.-.es  iv.il.iMe  .ui  I’lesi.'  instruments  result 
in  total  instrument  sens  i t i 1 1 - idi-auale  i.ir  the  K.ir  1’ 1 ume  procedure. 

Section  .A  1 - ^arnplin.-,  ' .p. ; , n.-iit  ■ . sea-n  t i > 'H.i  1 i i .-he  di--i.;u  is  ie.|c.tred 
with  specified  probe  Cemper.it  uri’s  so.  1.  .i-.  I,.  per'.".it  e i I 'e  : hot  Water  'ir  .steam 

heating-  in  order  to  -.p,-,  •;  i ■-  ■,  ir.p  I i 1..  iiieiis,  bolh  ixi.il  ,iud  r.-idial,  the 
sampling  system  is  sialed.  .n  . . rd.  i c. to  th.-  .ouine  nozzle  dlanu-tii.  A minimum 
of  11  sampling  points  is  i i-'  i ; r.  in  p : -x  ; : - 1 1 e 1 v ,-'iu.illv  sp.ice.l  .ur.'ss  a 
diameter.  T'uis  numPer  ■!  sc.-.ple-.  .m  > i i s :i  inincfnl  .'  i(  i-o  i.al  treatment  id' 
the  data,  Few'e:  samples  . in  ' vli-.  .c  i.spon. ' i n p 1 v i educed  me.isurement 

accuracy.  '.■.'icr.  'illv  twi'  samples,  tlu-  t Itisti..il  truitmenl  is  neaiiinpless 


since  a perfect  straight  line  fit  results.  In  principle,  the  method  can  be 
used  with  only  one  sample,  If  on  Independent  measurement  or  estimate  of  the 
ambient  levels  Is  available. 

Sample  Line  temperature  Is  specified  at  300  + 27®  F,  which  Is  consistent 
with  the  proposed  revision  to  ARP  1256  now  being  considered  by  the  SAK  E-31 
Committee,  The  tolerance  is  Increased  from  9®  F over  that  required  by  the 
current  ARP  1256  and  the  EPA  requirement.  There  appears  to  still  be  some 
controversy  concerning  specification  of  sample  line  temperature. 

Since  very  long  sample  lines  would  probably  be  Involved  with  this  pro- 
cedure, no  maximum  sample  line  length  is  required.  The  requirement  of  10- 
second  gas  tratisport  time  effectively  limits  the  sample  line  length  to  a 
reasonable  valu>'. 

Section  AA  - Equipment  Layout  - The  equipment  layout  is  similar  to  that 
specified  in  ARP  1256. 

Section  A5  - Instrument  Routines  - Instrument  routines  are  similar  to 
those  specified  la  ARP  1256.  Additional  checks  of  instrument  zero  and  span 
drift,  repeatability,  and  noise  level  are  specified.  Thermal  converter 
efficiency  check  is  as  specified  in  the  EPA  procedure.  This  efficiency  check 
is  required  at  least  monthly. 

Section  A6  - Reference  Gases  - Specified  Reference  Gases  are  similar  to 
those  required  by  ARP  1256. 

Section  A7  - Test  Procedures  - Strong  crosswlnds  can  deflect  the  plume, 
and  a 5-mph  crosswind  limit  Is  specified.  Ambient  air  concentration  limits  are 
not  specified  In  the  procedure  since  the  data  reduction  method  takes  ambient 
levels  Into  account,  The  procedure  does  contain  a caution  against  high  ambient 
levels . 

Section  A9  - Calculatlc  i of  Results  - CO  and  CO2  are  first  corrected  to 
true  sample  moisture  level,  in  case  a dryer  was  used.  A linear  fit  of  each 
pollutant  versus  CO2  is  then  i.iade  by  the  method  of  least  squares.  Correlation 
coefficients  are  calculated  by  standard  statistical  procedures.  If  the  slope 
of  the  line  Is  larger  than  10,  then  the  correlation  coefficient  is  required 
to  be  greater  than  0.95.  This  value  was  chosen  after  considerable  deliberation 
concerning  what  was  obtained  during  Che  Phase  IT  and  Phase  IIT  measuremen  ,3 
and  what  might  reasonably  be  obtained  with  some  care. 

Emissions  indices  are  then  calculated  from  the  slopes  of  the  linear  fits. 
The  emission  flow  rate  (Ib/hr)  Is  then  calculated  from  the  overall  engine  fuel 
flow  and  the  emission  Index.  Emission  standards  or  goals  may  be  specified 
either  in  terras  of  emission  Indices  or  total  flow  rate  of  emissions.  The 
problem  of  establishing  Air  Foi'ce  standards  or  goals  for  afterburning  engines 
Is  not  addressed  In  this  program. 
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7 . 3 WEAR  PLl?MH  PROCEDURF,  (PART  H) 


Section  B2  - Analysis  Rgulpmont  - With  the  except  Inn  of  the  chural 1 urai ties- 
cence  analyzer  for  NO  and  N(ixi  the  Bpe'-lfled  equipment  i«  basically  the  same 
as  that  in  ARP  1256. 

Section  B3  - Sainpllnp,  Kgulpmont  - The  .sampllnn  probe  Is  required  to  be  of 
the  guenchinn  type,  and  the  pressure  ratio  across  the  orifice  Is  required  to 
he  at  least  5.  Only  genetal  guidelines  are  given  In  regard  to  cooling  of  the 
probe  structure,  .since  the  respons  11)1 1 1 1 y for  the  probe  integrity  must  rest 
with  the  probe  designer  and  operator.  Total  pressure  measurement  is  permitted 
to  be  separated  by  no  more  than  0.2  inch  from  the  sampling  point,  which  permits 
use  of  a combination  tip  In  which  pres.sure  and  ga.s  sample  are  obtained  from 
separate  orifices.  The  two  measurements  may  then  be  obtained  simultaneously. 

The  axial  sampling  plane  is  required  to  lie  within  eight  inches  of  the 
exhaust  plane.  Ttiis  would  .allow  for  normal  growtii  of  tiie  engine  and  al.so  for 
axial  translation  of  the  nuzzle.  A r.ilnimum  of  2.’  .s.impllng  points  are  specified 
to  lie  across  two  diameters.  The  polnt.s  are  specified  to  be  approximately 
equally  spaced,  although  this  results  in  somewhat  Inadequate  coverage  of  the 
outer  exhaust  region.  Equal  area  sampling,  on  the  other  liand,  results  In 
sparse  coverage  of  the  inner  region  where  quite  severe  gradients  have  been 
encountered.  To  accurately  locate  the  edge  the  exhaust  .stream,  as  required 
for  the  plume  model,  the  total  pressure  at  the  outermost  sampling  point  is 
required  to  be  between  1.05  and  I.IO  times  the  ambient  pressure.  The  actual 
edge  of  the  stream  is  determined  by  extrapolation  of  the  outermost  point. 

Section  B9  - Calculation  of  Results  - All  required  calculation  of  tesult.s 
is  accomplished  by  the  plume  model.  Assembly  of  the  plume  model  input  data, 
however,  requires  some  effort.  A difficulty  that  evolved  over  the  course  of 
this  program  is  that,  to  conserve  computer  time,  the  plume  model  is  set  up  to 
accommodate  11  samples  stream  cubes,  however,  due  lo  the  circumferential 
gradients  which  can  exist  when  afterburning,  at  least  22  samples  are  judged 
to  be  required  to  obtain  repres(-nt.Tt  ive  sampling.  A maiuial  nrocedure  is  speci- 
fied which  effectively  averages  the  data  by  ploLtlng  agalns!  r.idial  position 
and  drawing  a smooth  curve  tiirough  the  d,jta  points.  Eleven  values  are  then 
selected  from  the  ur.iootli  curve  for  input  to  the  plume  model.  Thf.'se  11  values 
are  selected  to  be  In  centers  rf  11  equal  areas. 

Several  alternative  approaches  arc  pas.siVle  which  are  not  contained  in 
the  finalized  proceourc.  Tlie  first  1;  to  revise  the  plume  model  to  accommodate 
22  or  mo»-e  individual  samples.  Tills  would  be  a considerable  task  and  would 
Involve  Increa.sed  computation  time  in  the  data  reduction.  This  sliould,  iiowever , 
result  in  more  reliable  overall  data.  Ttie  second  approatli  Is  eltlier  to  reduce 
the  numlier  of  sampling  points  to  11,  or  to  carefully  select  11  sampling  points 
from  the  22,  in  order  to  reduce  the  plume  model  Input  to  11  sets  ot  values. 

This  latter  approach  would  he  the  least  reliable.  Tlie  approach,  specified  in 
the  finalized  procedure  is  recommended,  since  the  moderate  effort  required 
should  result  In  increased  data  rellahllitv  and,  in  addition,  it  is  well  Co 
plot  the  curves  In  order  to  oliserve  the  r;i<Hal  and  circumferential  variations 
In  concentrations  and  total  pressure. 
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[t  is  required  that  plume  model  output  be  computed  at  0,  35,  and  50  nozzle 
radii  downstream  of  the  extiaust  nozzle  in  order  to  determine  if  reactions  are 
completed,  as  determined  by  identical  values  at  the  35  and  50  radii  axial 
stations.  If  the  two  values  are  not  the  same  within  5 percent,  then  the  com- 
puter  program  shall  he  rerun  for  an  axial  distance  of  70  nozzle  radii 
downstream. 

The  computer  program  calculates  total  gas  flow  and  fuel  flow,  along  with 
amission  Indices  and  total  contaminant  flow.  The  standard  or  goal  may  thus  be 
specified  as  eitlier  contamirant  flow  or  emission  index. 

A check  of  data  consistency  or  representative  sampling  is  required  which 
specifies  that  the  calculated  fuel  flow  sViall  agree  with  the  metered  fuel  flow 
within  + 15  percent.  However,  a retest  is  not  required  if  the  agreement  is 
not  within  + 15  percent.  It  should  be  up  to  the  standard-setting  agency  to 
specify  tlie  procedure  If  the  data  consistency  check  is  not  met. 

The  plume  model  is  currently  not  programmed  to  calculate  NO  or  NO2  in  the 
exhaust,  even  though  the  NOx  and  the  NO  measurement  are  required.  However,  if 
NO2  visibility  criteria  are  developed  In  the  future,  the  plume  model  should 
be  modified  to  calculate  total  NO2  flux  at  the  various  stations. 

It  might  appear  that  substantial  simplification  of  the  total  modeling 
approach  could  be  developed,  A possible  method  to  accomplish  this  might  be 
to  use  the  complete  model  for  a parametric  study  to  generate  a series  of 
graphs  from  which  consumption  of  species  in  the  plume  might  he  obtained. 
However,  the  engine  afterburner  emissions  data  obtained  on  this  program  have 
demonstrated  that  the  distribution  of  CO  and  HC  at  the  nozzle  exit  plane,  along 
with  Its  relation  to  the  temperature  profile,  has  an  extremely  important  effect 
on  subsequent  consumption  of  these  species  in  the  plume.  Quantities  of  these 
gases  existing  near  the  engine  centerline  are  constrained  to  mix  with  the  hot 
surrounding  gases  and  thus  tend  to  be  largely  consumed,  while  those  existing 
near  the  exhaust  boundary  mix  with  cold  surrounding  gas  and  the  reactions  tend 
to  bo  quenched.  It  Is  not  clear  how  si’ch  di  strlhut  lor.  might  be  quantified  for 
inclusion  In  tb.e  graphical  approach  referred  to  above.  Basically,  then,  It  Is 
the  dependence  on  distribution  which  prevents  significant  simplification  of 
techniques  employed  for  predictions  of  consumption  In  the  plume. 
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SECTION  8.0 

FINAL  ENGINE  EMISSIONS  TESTS  USING  NEAR  PLUME  AND  FAR  PLUME  PROCEDURES 


After  the  final  meaaurement  procedures  were  defined  early  In  Phase  III  of 
this  program,  another  series  of  afterburner  emissions  measurements  were  made 
on  the  same  J85  and  J79  engines  as  had  been  used  for  the  Phase  II  engine  tests. 
Results  of  these  Phase  III  engine  teste  are  presented  l.i  this  section  of  the 
report. 


8.1  TEST  SETUP  AND  TNSTRUFffiNTATION 


The  proposed  "Far  Plume"  procedure  for  afterburner  emissions  measurements 
necessitates  accurate  measurement  of  emissions  levels  considerably  lower  than 
those  normally  encountered  In  gas  turbine  emissions  measurements.  Special 
procedures  were  Investigated  to  enable  reliable  measurements  at  the  fractional 
part  per  million  levels,  The  actual  levels  measured  are  close  to  noirmal  ambi" 
ent  levels.  It  Is  obviously  desirable  to  be  able  to  use  the  same,  or  slightly 
modified,  analysis  equipment  normally  used  at  the  nozzle  exit  locations  for 
nonafterburning  engines. 

Accuracy  of  the  concentration  measurements  at  very  low  levels  is  determined 
primarily  by  the  sensitivity  snd  stability  of  the  measurement  Instruments.  An 
Investigation  of  some  factors  affecting  the  sensitivity  and  accuracy  of  the 
analysis  equipment  was  made.  It  was  found  that  adequate  sensitivity  of  all 
Instruments  can  be  obtained  with  a digital  voltmeter  readout  having  1-millivolt 
sensitivity  and  a 5-volt  range.  This  was  the  type  of  readout  used  In  the  Phase 
II  engine  tests.  For  CO,  HC,  and  NOx,  the  sensitivity  was  about  0.1  ppm  with 
this  readout,  and  better  than  C.001%  for  CO2.  In  some  cases  it  was  found  that 
improved  slgnal-to-noise  ratio  can  be  obtained  with  reduced  Instrument  gain. 

A check  of  instrument  stability  was  made  by  observing  the  instrument  out- 
put over  a period  of  several  hours  with  zero  gas  (N2)  flowing  through  the 
systCTi.  The  total  variation  observed,  expressed  as  equivalent  concentration, 
was  + 0.35  ppm  for  CO;  0.001%  for  CO2;  + 1.3  ppm  for  HC;  and  + 0.16  ppm  for 
NO.  Except  for  the  HC  analyzer,  Che  stability  measured  was  comparable  to  or 
better  than  that  observed  on  other  Instruments  used  for  GE  engine  testing  and 
Is  within  the  manufacturer's  specified  stability  limits.  A representative  of 
the  manufacturer  was  consulted  In  an  attempt  to  improve  the  stability  of  the 
HC  analyzer.  At  his  suggestion,  a container  of  molecular  sieve  was  put  in 
the  line  to  remove  residual  hydrocarbons  from  the  zero  gas.  Considerable 
improvement  In  stability  was  obtained  after  this  modification. 

From  these  Investigations  of  the  behavior  of  the  gas  analyzers,  It  was 
reaffirmed  that  these  instruments  are  suitable  for  reliable  measurement  of 
gas  concentrations  near  ambient  levels,  provided  that  adequate  precautions  are 
taken  co  obtain  sufficient  sensitivity  and  stability. 
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Some  revisions  were  made  to  the  CAROL  data  reduction  propram  In  prepara- 
tion for  the  Phase  III  engine  teats.  This  time-sharing  system  computer  pro- 
gram was  used  to  perform  initial  calculations  with  the  gas  analysis  data 
obtained  during  engine  testing.  The  data  from  the  test  log  was  filed  In  the 
time-sharing  system  at  Edwards.  The  program  was  then  run  either  at  Edwards 
or  at  Evendale.  The  digital  data  acquisition  system  (PCM)  which  had  been  used 
for  the  Phase  II  engine  testing  was  not  used  for  the  Phase  III  engine  tests, 
since  the  quantity  of  data  required  did  not  warrant  Its  use.  The  test  data 
was  thus  entered  Into  the  time-sharing  system  from  the  test  log  rather  than 
via  the  digital  data  acquisition  system.  Data  processing  beyond  the  CAROL 
program,  Including  Input  to  the  plume  model,  was  handled  as  In  the  Phase  II 
engine  tests. 

One  other  modification  to  the  data  reduction  procedure  involved  Incor- 
poration of  the  ABE  program  directly  Into  the  CAROL  program.  The  ABE  program, 
which  performs  a linear  fit  of  emission  concentration  versus  CO2  concentration 
by  the  method  of  least  squares,  was  run  as  a separate  program  during  Phase  II 
engine  tistlng.  The  ABE  program  Is  specifically  intended  to  process  data 
obtained  at  probe  locations  far  removed  from  the  nozzle  exit  plane  (Far  Plume 
procedure),  where  measured  concentrations  can  approach  ambient  levels. 

The  sampling  and  analysis  system  used  In  the  Phase  HI  tests  was  basically 
the  same  as  for  the  Phase  II  tests.  One  exception,  however,  was  the  addition 
of  a sample  pump  Immediately  before  the  gas  analysis  system.  This  consider- 
ably speeded  the  sample  transit  time,  since  the  pressure  was  reduced  in  the 
long  length  of  sample  line  between  Che  sample  pump  at  the  probe  and  the  anal- 
sis  system. 


8*2  FINAL  TEST  RESULTS  - J85-5  ENGIKE 

Afterourner  emissions  measurements  on  the  J85-5  were  made  at  four  engine 
power  settings  (Military,  Min  A/B,  Mid  A/B,  and  Max  A/B)  using  both  the  Near 
Plume  (nozzle  exit  plane)  and  Far  Plume  (30  feet  aft)  measurement  procedures. 

Initially,  attempts  were  made  at  measuring  ambient  levels  near  the  Inlet 
of  the  J85  engine.  An  open  stainless  steel  tube  was  mounted  near  the  side  of 
the  engine  Inlet  screen  which  covered  the  bellmouth,  and  a sample  from  this 
tube  was  pumped  to  the  analyzers.  During  engine  operations,  analysis  of  the 
samples  showed  high  and  erratic  concentrations,  especially  for  HC  luring  A/B 
operation.  It  appeared  that  engine  leakage  or  local  recirculation  patterns 
contributed  to  these  erratic  readings.  Gross  relngestion  of  exhaust  was  not 
the  major  problem  since  no  large  Increases  In  engine  Inlet  temperature  occurred. 
It  thus  appeared  Chat  the  ambient  sample  location  adjacent  to  the  engine  Inlet 
v:as  a poor  choice  for  these  particular  tests.  Attempts  to  measure  "ambient" 
levels  In  the  vicinity  of  the  engine  were  then  abandoned.  Note  that  direct 
measurement  of  the  ambient  levels  Is  not  required  for  the  Far  Plume  procedure, 
since  ambient  levels  are  accounted  for  In  the  data  reduction  process. 

Table  19  Is  a summary  of  the  engine  operating  data  for  the  J85-5  I’liase 
III  tests.  Column  headlnns  are  as  in  Table  8,  which  gave  a summary  of  engine 
operating  data  for  the  Phase  II  tests. 
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Figure  84  shows  fuel-air  ratio  profile  for  the  J85  at  the.  nozzle  exit 
location  at  various  power  levels,  Data  are  similar  to  those  obtained  during 
the  Phase  II  engine  testa.  Figure  85  showo  the  fuel-air  ratio  profile  for 
the  J85  at  30  feet  aft  of  the  nozzle.  Tl>e  data  Indicate  good  symmetry  around 
the  engine  centerline.  Similarly  symmetrical  radial  profiles  for  CO  at  30 
feet  aft  are  shown  In  Figure  86. 

Figures  87  through  90  show  plots  of  the  emissions  concentrations  versus 
C02  at  the  four  engine  power  levels.  The  linearity  of  the  relationships  and 
the  locations  of  the  Intercepts  can  be  seen  on  these  plots.  It  should  be 
noted  from  these  figures  that  apparently  good  sensitivity  and  accuracy  at 
very  low  levels  were  obtained. 

Table  20  Is  a summary'  of  emissions  data  from  both  the  Near  Plume  and 
Far  Plume  methods.  F.xcellent  agreement  between  measured  fuel  flow  and  calcu- 
lated integral  fuel  flow  was  obtained  with  the  Near  Plume  procedure.  Fairly 
good  agreement  with  Phase  IT  test  data  was  obtained,  ns  will  he  shown  In  a 
later  section  of  this  report. 

Table  21  Is  a sunwaaty  of  statistical  parameters  from  the  Far  Plume  pro- 
cedure. Linear  correlation  coefficients  are  typically  above  0.99,  indicating 
excellent  linearity  of  emission  concentration  versus  C02.  The  exception  Is 
for  very  low  slopes  (B1  less  than  10)  where,  as  would  be  expected,  much  lower 
correlation  coefficients  are  obtained).  The  values  for  BO,  the  y-axls  Inter- 
cept of  the  plot  of  emission  concentration  versus  C02>  correspond  more  closely 
to  reasonable  ambient  levels  than  was  the  case  with  this  procedure  in  the 
Phase  IT  tests. 


8.3  FINAL  TEST  RESULTS  - J79-15  ENGINE 


Afterburner  emissions  measurements  were  made  on  the  J79-15  engine  at  four 
engine  power  settings  (Military,  Minimum  A/B,  Mid  A/B,  and  Maximum  A/B)  using 
both  the  Near  Plume  and  Far  Plume  measurement  procedures.  Measurements  by  the 
Far  Plume  method  were  made  at  the  station  60  feet  aft  of  the  nozzle  exit  plane. 
Except  for  some  delay  due  to  exceedingly  high  winds  In  the  test  area,  these 
tests  proceeded  essentially  without  Incident. 

Several  modifications  were  made  to  the  measurement  system  for  the  Far 
Plume  measurements.  A separate  sample  line  was  run  to  the  sample  plane,  and 
the  Inlet  was  fixed  at  a position  11.9  feet  from  the  projected  engine  center- 
line.  For  each  test  point,  two  samples  were  withdrawn  from  this  point  and 
included  In  the  data  reduction  procedure.  This  line  permitted  taking  samples 
closer  to  the  edge  of  the  plume,  since  the  probe  could  only  be  moved  to  a 
position  about  9.2  feet  from  the  engine  centerline. 

A second  modification  to  the  system  Involved  the  use  of  a hydraulic 
damper  to  suppress  vibration  of  the  probe  Induced  by  the  violent  turbulence 
within  the  plume.  The  hydraulic  damper,  a cylinder  fixed  between  the  probe 
arm  and  the  pad,  seemed  to  he  effective  In  reducing  vibrations,  although  no 
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• for  J85-5  Engine  at  Noizie  Exit  tor  Various 
>ata  by  Sear  Plume  Jlethod. 


Radial  Distance,  Inches 

Fuel-Air  Ratio  Profile  for  J85-5  Engine  30  feel  Aft  of  Nozzle  for  Various 
Power  Lfcvels,  Final  Data  by  Far  Plume  Method. 


J85-5  Engine,  30  feet  Aft  of  Nozzle  for  Various 
>ata  by  Far  Plume  Method. 


Figure  87.  Emissions  Concentrations  Vs.  CO^  for  J85-5  Engine,  80 
feet  Aft  of  Exhatist  Noizle,  Military  Power.  Final 
Data  by  Far  Plume  Method. 


Figure  90.  Emlsslon9  Concentratioi^s  Vs. 

CO2  Jc.r  J85-5  Engltse,  30  feet 
Aft  of  Exhaust  Nozzle,  at  Max 
A/3  Power.  Final  Data  V>>  Far 
Plume  Method. 


Near  Plume  Procedure  - Nozzle  Exit  (TntPirrai  Procrair.s) 


qufint  tLat  1 vt'  .ufasure  of  it.s  ef  fectlveness  wa«  made.  This  damper  was  shown 
earlier  In  this  report  (Figure  10). 

Table  22  is  a Hummary  of  the  engine  operating  datn  for  the  .179-15  final 
afterburner  emissions  tusts. 

Figures  91  through  show  radial  profiles  of  fuel-air  ratio,  CO,  IIC, 
and  NOx  for  the  J79-15  at  60  feet  aft  of  the  nozzle  exit  plane.  As  with  the 

.185  data,  these  measurements  demonstrate  good  symmetry  and  sensitivity.  The 

apparent  plume  centerline  l.s  about  10  Inches  above  the  projected  engine  center- 
line, corresponding  to  an  angular  displacement  of  0.8  degree.  It  should  be 
noted  that  radial  locations  for  the  final  emissions  measurements  are  uncorrected 
value.s  (computer  program  HFri7R7vD  wa.s  not  used),  since  the  data  reduction  pro- 
cedure used  (slope  method)  does  not  require  radial  position  measurements.  Note 
also  that  the  iilghest  CO  and  HC  levels  occurred  at  mid  A/B  power  level. 

Figures  95  through  9p  show  plot.s  of  the  emissions  concentrations  versus 

CO2  at  the  four  engine  power  levels.  The  linearity  of  the  relationships  and 

the  locations  of  the  intercept  can  be  judged  on  these  plots.  At  military  and 
maximum  A/B  (Figures  95  and  98),  the  slope  of  the  HC  plot  is  negative.  Indi- 
cating a negative  emission  index.  This  Indicates  that  the  engine  exhaust  was 
actually  lower  In  HC  concentration  than  was  the  ambient  air. 

A sutreaary  of  the  J7S-15  emissions  data  is  given  in  Table  23,  which  shows 
results  of  both  the  Near  and  Far  Plume  measurements.  For  the  Near  Plume  pro- 
cedure, excellent  agreement  between  measured  and  calculated  fuel  flow  may  be 
noted.  The  data  show  good  internal  consistency,  and,  except  for  the  mid  A/B 
power  level,  the  data  are  in  good  agreement  with  the  Phasj  II  test  results. 

At  mid  A/B  power,  unusually  high  concentrations  of  HC  v;ere  noted  at  the  nozzle 
exit  location.  Examinations  of  local  profiles  show  considerably  higher  HC 
concentrations  near  the  nozzle  perimeter  than  occurred  in  the  previous  Phase 
II  tests.  HC  in  this  region  was  not  completely  consumed  in  the  plume  since 
it  tended  to  mix  with  the  .surrounding  cooler  ambient  air.  Thus,  high  HC  levels 
persisted  even  to  the  60-focL  station,  as  shown  by  the  Far  Plume  measurements . 
Some  conversion  of  HC  to  CO  apparently  occurred  In  the  plume  as  Indicated  by 
the  higher  Cn  level  at  the  6n-.''oot  station.  Total  reactive  carbon  (carbon  as 
CO  + HC)  was,  however,  about  20  percent  lower  at  the  60-foot  station  than  at 
the  nozzle  er.lt. 

The  basic  cause  of  the  higher  emissions  in  these  tests  at  mid  A/R  power 
is  noc  apparent.  It  Is  clear  that  the  fuel  from  the  annular  A/B  system  was 
not  burning  as  efficiently  as  In  the  previous  test,  and  that  this  could  be 
related  to  differences  in  test  conditions  such  as  ambient  temperature  or  pres- 
sure, or  to  some  real  changes  In  fuel  split  between  the  various  A/B  fu-  ' sys- 
tems, This  problem  Indicates  chat  for  continuously  modulated  afterburners, 
a large  number  of  power  settings  should  be  Investigated  In  order  to  accuv. -civ 
determine  the  emissions  characteristics  of  the  engine. 

The  N02  concentration  In  the  plume  wa.s  also  highest  at  the  mid  A/B  power 
level.  At  military  power,  essentially  100  percent  of  the  was  N<>,  while 
at  mid  A/B  power,  only  16  percent  of  the  NO,^  was  NO. 
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Figure  'J4,  NO  Radial  Prolile  ior  J79-15  Engine  at  *30  leet  Alt  ot 
Nozzle  ior  Various  Power  Levels.  Final  Uat.»  l)\-  i ;ir 
Plume  MethOvi, 


Figure  96,  Emissions  Concentrations  Vs.  CO2  for 
J79- 15  Engine,  60-ieet  Aft  of  Exhaust 
Nozzle,  nt  Min.  A/B  Power.  Final 
Data  by  Far  Plume  Method. 
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Figure  97.  Emissions  Concentrations  Vs.  CO2  for 
J79-15  Engine,  60-feet  Aft  of  Exhaust 
Nozzle,  at  Mid.  A/B  Power.  Final 
Data  by  Far  Plume  Method, 


Tablt'  23.  Summary  of  Emissions  Data  from  Final  J79-15  Tests. 


Table  24  is  a suransry  of  statist  leal  parameters  from  the  Far  Plume  pro- 
cedure for  the  final  J79  tests.  Linear  correlation  coefficients  are  generally 
above  0.96  except  for  very  low  slopes  (B1  leas  than  in> . 


e . 4 COFgARISON  OF  PHASE  f.I  AND  PHASE  III  MEASUREKENTS 

A total  of  seven  separate  emlsslon«  measuvementa  were  made  at  various 
axial  stations,  at  each  of  the  four  power  settings,  for  each  of  the  two  engines. 
There  were  a total  of  56  separate  tests.  To  compere  these  data,  the  emission 
index  of  each  contaminant  was  plotted  against  axial  distance  for  each  engine 
and  for  each  power  level.  These  plots  are  sho'.m  in  Figures  99  to  104. 

For  the  Phase  II  tests,  at  the  three  axial  stations  nearest  the  engine, 
the  data  v;ere  reduced  using  the  Integral  computer  programs;  while  at  the  two 
stations  farthest  from  the  engine,  the  slope  method  was  used.  For  the  Phase 
HI  tests,  the  Near  Plume  and  Far  Plume  procedures  were  followed,  in  which  the 
Integral  data  reduction  programs  are  used  at  the  nozzle  exit  location  and  the 
slope  method  at  the  downstream  location.  As  has  been  explained  previously  In 
this  report,  the  data  from  the  Phase  II  tests  at  the  two  locations  farthest 
from  the  engine  are  of  questionable  accuracy,  but  they  are  Included  here  for 
comparison  purposes. 

Figure  99  shows  CO  emission  index  for  the  J85  versus  axial  distance  for 
the  various  power  levels.  The  solid  curves  Indicate  what  is  Judged  to  be  an 
average  or  most  probable  value  from  the  tests,  The  Phase  II  data  at  the 
farthest  downstream  locations  are  generally  disregarded  for  these  curves.  The 
dashed  curves  Indicate  what  appears  to  be  o general  change  in  level  between 
the  Phase  II  and  the  Phase  III  tests.  ITie  exact  reason  for  this  change  Is  not 
clear.  Figure  99  shows  constant  CO  with  axial  distance  at  military  power  level, 
an  initial  Increase  with  axial  distance  at  rainimum  A/B,  and  rather  large  con- 
sumption of  CO  In  the  plume  at  both  mid  A.^B  and  maximum  A/B.  The  increase  in 
CO  at  rainimum  A/B  resulted  from  the  concurrent  partial  oxidation  of  Hf'  (Figure 
100),  Although  there  may  have  been  some  consumption  ocrurrim-,  there  was  a 
net  production  of  CO,  Changes  In  CO  level  apparentlv  ceased  after  about  3 feet 
at  minimum  A/B,  10  feet  at  raid  A/B.  and  about  18  feet  at  maximum  A/B. 

Figure  100  shows  HC  emission  index  versu.s  axial  d [.stance  for  the  .185. 

Data  from  the  various  tests  are  fairly  consistent  in  magnitude  and  show  con- 
sistent trends  with  axial  distance.  HC  was  most  reactive  in  the  plume  and  was 
nearly  completely  consumed  at  the  higher  A/B  power  levels. 

Figure  101  shows  NOx  emission  Index  versus  axial  dl.stance  for  the  .185. 

These  data  show  essentially  constant  NO^  emis.slon  index  versus  axial  distance 
at  all  power  levels. 

The  CO  data  Cor  the  J79  are  shown  in  Figure  102,  Again,  an  apparent 
change  In  level  between  the  Phase  IT  and  Phase  TIT  tests  l.s  indicated  hv  the 
dashed  curves.  In  the  Phase  IT  tests,  net  consumption  of  CO  In  the  plume  was 
indicated  at  mid  A/B  power  level  while  In  the  Phase  ITT  tests,  net  production 
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of  CO  was  observed.  This  difference  In  CO  variation  with  axial  distance  Is 
attributed  to  the  higher  HC  concentrations  in  the  Phase  TIT  tests  (Figure  inj). 

The  HC  plume  data  for  the  .179  are  shown  In  Figure  103.  Except  for  the 
Phase  III  tests  at  raid  A/B  power  level,  very  low  residual  levels  of  HC  existed 
for  the  J79.  As  has  been  mentioned  prevlou.sly  In  this  report,  the  high 
residual  HC  levels  at  mid  A/B  power  level  for  the  Phase  ITT  tests  are  attri- 
buted to  the  high  initial  HC  concentration  outside  of  the  flame  zone,  which 
mixed  with  low  temperature  ambient  air  and  was  thus  not  consumed  in  the  plume. 

As  was  observed  for  the  J85,  Figure  104  shows  no  appreciable  change  In 
NOx  In  the  plume  at  any  power  level  for  the  J79. 

The  data  shown  in  Figures  99  to  104  suggest  some  general  observations 
that  can  he  made  regarding  the  change  in  total  emissions  with  axial  distance 
In  the  plume  of  afterburning  engines.  Total  CO  may  either  increase  or  de- 
crease In  the  plume,  depending  on  the  overall  HC  level  and  the  dlstrlHut ion 
of  HC.  The  Increase  In  CO,  if  any,  must  be  consistent  with  concurrent 
decrease  In  HC.  The  total  HC  generally  decreases  In  the  plume  at  all  A/B 
power  levels.  No  change  In  total  NOx  been  obsert'ed  In  the  plume  at  any 
power  level. 

It  should  be  noted  that  the  overall  changes  referred  to  here  are  changes 
In  total  flow  rate,  as  Indicated  by  .changes  In  the  emission  Index,  If  one 
compares  emission  indices  at  different  power  levels,  It  must  be  noted  that  the 
fuel  flows  are  different  and  the  emission  Index  of  Itself  is  not  a good  Index 
of  the  total  chango.  A comparison  of  flow  rates  for  tTie  various  power  settings 
for  the  Phase  III  measurements  has  already  been  given  in  TaT)le  20  for  the  J85 
and  In  Table  23  for  the  J79. 

The  overall  repeatability  of  the  measurements,  as  fudged  by  the  data  of 
Figures  99  and  104,  appears  to  be  fairly  good.  It  is  apparent,  however,  that 
with  high  Initial  levels  of  HC,  the  changes  In  CO  and  HC  In  the  plume  are 
extremely  sensitive  to  the  Initial  distribution  of  HC.  In  addition  to  the 
overall  precision  of  the  emission  measurements,  the  repeatabl 1 1 cv  of  '.he  data 
is  affected  by  the  changes  In  ambient  conditions  and  by  normal  engine  vari- 
ability. A quantitative  assessment  of  the  effect  of  each  of  these  factors  was 
not  attempted. 


8.5  CObfPARISON  WITH  PLUME  MODRI, 

Fuel-air  ratio  profiles  predicted  by  the  plume  model  were  compared  with 
local  fuel-air  ratios  as  measured  by  the  Far  Plume  procedure  during  the  final 
engine  emissions  test  series  (Phase  III).  Figure  105  shows  the  plume  model 
predictions  plotted  against  radial  distance  for  the  J85-5  at  minimum  A/B 
(Figure  105a)  and  maximum  A/B  (Figure  105b)  power  levels.  Measured  values  at 
the  same  axial  station  (30  ft  aft)  are  shown  for  comparison.  These  plots 
Indicate  local  mea.sured  fuel-air  ratios  .somewhat  lower  than  the  predicted 
values,  as  was  generally  observed  In  the  Phase  TT  engine  tests  (comp-arl.sons 
presented  In  Section  6.1),  The  data  from  the  J79  engine  tests  showed  similar 
trends . 


Figures  106  through  111  Illustrate  use  of  the  analytical  plume  model  to 
predict  the  subsequent  consumption  of  contaminants  measured  by  the  Near  Plume 
procedure  as  the  hot  exhaust  gases  mix  with  ambient  air.  Shown  for  comparison 
are  the  emissions  indices  measured  by  the  Far  Plume  procedure.  These  illus- 
trations reveal  that  the  residual  emissions  measured  by  the  Near  Plume  pro- 
cedure and  extrapolated  by  the  plume  model  can,  In  some  cases,  differ  signifi- 
cantly from  the  corresponding  values  mecsured  by  the  more  direct  Far  Plume 
procedure • In  the  case  of  CO,  the  extended  Near  Plume  residual  can  differ 
from  the  Far  Plume  value  by  as  much  as  a factor  of  two.  In  the  case  of  HC, 
the  Near  Plume  method  can  yield  a small  residual  where  none  Is  measured  by 
the  Far  Plume  method.  These  observations  would  suggest  that  allowable  limits 
of  missions  levels  for  afterburning  engines  would  have  to  be  set  lower  if 
the  emissions  were  to  be  measured  by  the  Near  Plume  method,  than  If  they  were 
to  be  measured  by  the  Far  Plume  method. 

It  should  be  norcu,  however,  that  the  consumption  of  contaminants  in  the 
plume  Is  predicted  ly  the  plume  model  much  more  accurately  than  Is  the  residual 
level,  especially  when  large  fractional  consumption  occurs.  For  example,  if 
the  model  predicts  consumption  of  90%  of  the  Initial  value,  compared  to  a 
correct  value  of  95%  of  the  Initltal  level,  quite  good  agreement  (within  5%) 

In  actual  consumption  Is  Indicated.  The  same  values  yield  a predicted  residual 
level  of  10%  of  the  Initial  level  versus  a correct  value  of  5%  of  the  Initial 
level  for  an  actual  dibciepancy  of  100%  of  the  correct  value.  It  is  thus 
obvious  that  for  accurate  prediction  of  residual  levels,  extremely  accurate 
values  of  consumption  must  be  obtained  for  large  overall  changes  In  the  plume, 
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SECTION  9.0 


CONCLUSIONS  AND  RECOfCffiNDATIONS 


9.1  CONCLUSIONS 


The  principal  concluslona  resulting  from  the  work  condu.:ted  under  this 
program  are  the  following: 

1.  Significant  changes  In  emissions  levels  can  i-ccur  in  the  plumes  of 
afterburning  engines.  Moderate  increases  In  r.o  were  observed  due 

to  partial  oxidation  of  HC  at  low  and  intermediate  A/B  power  levels. 
At  the  highest  power  levels  (near-stolchiometrl t fuel-air  ratio) 
large  reductions  in  CO  generally  weru  found  to  occur  in  the  plume. 

HC  was  found  to  be  the  most  reactive  contaminant  in  the  plume,  and, 
at  tho  highest  A/B  power  levels,  essentially  complete  consumption 
of  HC  occured.  NOx  was  found  to  be  the  least  reactive  of  the 
exhaust  contaminants.  No  significant  changes  In  NOx  in  the  plume 
were  observed  at  any  power  level. 

2,  These  plume  reactions  must  he  considered  in  the  development  of 
augmentors  with  reduced  CO  and  HC  emissions  levels.  The  plume 
reactions  are  dependent  upon  both  the  initial  (nozzle  exit  plane) 
emissions  levels  and  on  the  radial  distribution  of  tlie  emissions 
at  the  exit  plane.  At  low  afterburning  power  levels,  obtaining 
large  reductions  in  residual  CO  and  HC  emissions  levels  involves 
reducing  the  amount  of  contaminants  generated  In  the  afterburner, 
since  the  consumption  of  thuse  contaminants  In  the  plume  Is 
incomplete.  At  maximum  power  levels,  Cn  emissions  may  be  unavoid- 
ably high  at  the  exhaust  plane  due  to  equilibrium  dissociation  and 
local  oxygen  depletion,  but  the  consumption  of  both  CO  and  HC  in  the 
exhaust  plume  is  nearly  complete  at  sea  level.  Thus,  the  residual 
levels  of  these  emissions  at  maximum  power  are  quite  low, 

3.  Under  certain  conditions,  NO  from  the  main  burner  can  be  partially 
converted  to  NO2  in  the  afterburner.  Since  NO2  Is  colored,  the 
potenvial  for  plume  vlBlblllty  exists  for  afterburning  engines. 

4,  An  analytical  plume  model  has  been  developed  which  calculates  from 
nozzle  exit  plane  data,  Che  emissions  levels  ultimately  ejected 
Into  the  atmosphere.  This  highly  complex  and  sophisticated  model 
is  comprised  of: 

a.  Detailed  chemical  kinetic  mechanism  equations; 

b.  Features  lor  the  treatment  of  mixing  within  the  potential  cere, 
as  well  as  subsequent  mixing  with  ambient  air; 

c.  Features  for  the  treatment  of  mixing  of  time  Inhomogeneltles . 
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5.  An  afterburning  engine  emissions  measurement  technique,  called  the 
"fr  Plume  Methodp"  has  been  developed.  With  this  method,  accurate 
r.S(.ults  are  obtal  -d  from  direct  measurements  of  emlsblons  levels 
at  a location  far  enough  removed  from  the  engine  that  mixing  and 
chemical  reartlons  are  complete.  A new  data  reduction  approach  haa 
been  developed  for  use  with  this  method,  which  accounts  for  ambient 
emissions  levels  and  avoids  the  need  for  accurate  oosi tion  raeaoure- 
ments  and  for  total  and  static  preaaurc  measuremants.  This  method 
also  simplifies  probe  design  since  quenching  of  the  gas  samples  is 
not  required. 

6.  An  aluerriative  afterburning  engine  emissions  meaeurement  technique, 
called  the  "Near  Plume  Method”,  iias  also  been  developed.  Tl\ia 
method  genevally  provides  leas  reliable  results  than  the  "Far  Plume 
Method."  The  "Near  Plume  Hethod"  Involves  measuremeTite  of  the 
emibsic'.i  levels  at  the  nozzle  exit  plane.  Due  to  the  very  high 
temperature,  nonuniform,  and  chemically  reactive  nature  of  the 
exhaust  at  this  location,  very  carefully  designed  sampling  probes 
are  necessary,  and  accurate  probe  position  and  total  pressure 
measurements  are  required  to  properly  mess^weight  and  are.a-welght 
the  Individual  samples.  To  estimate  subsequent  modifications  to 
the  emissions  levels  due  to  reactions  In  the  plume,  the  plume 
model  computer  program  is  required  to  calculate  the  quantity  of 
emissions  ultimately  ejected  into  the  atmosphere, 

7.  Analytical  instruments  normally  specified  for  use  in  gas  turbine 
engine  emissions  measurements  (NDiR's  for  CO  and  C02»  FID  Cor  HC, 
and  cheralluminescense  for  NO  and  NOx)  can  be  used,  with  little 
modification,  for  afterburning  engine  emissions  measurements.  For 
measurements  at  locations  far  downstream  of  the  exhaust  plane, 
special  provisions  may  be  necessary  to  obtain  adequate  sensitivity 
and  stability. 

8.  Smoke  measurements  made  on  the  J79-15  engine  showed  a decrease  in 
smoke  level  with  increasing  reheat  power  level.  This  is  to  be 
expected  since  conditions  In  the  mainburner  are  more  conducive  to 
smoke  formation,  while  the  high  temperature,  low  pressure  conditions 
in  the  afterburner  tend  to  oxidize  smoke  particles  and  hence  reduce 
smoke  levels. 


9 , 2 RECOMMENDATIONS 


Based  on  the  results  of  this  prograr.i,  the  following  recommendations 
are  made: 


1,  The  Far  Plume  Measurement  Procedure  should  be  used  if  a suitable 
engine  test  facility  is  available, 

2.  The  Near  Plume  Measurement  Procedure  should  be  used  if  measurements 
must  be  made  In  an  enclosed  test  cell. 
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Smokt!  mea:>uirtimencs  should  not  bi/  required  tor  engines  at  atterhurnlng 
power  levitie.  The  highest  amoke  levels  are  likely  to  occur  under  non 
afterburning  conditions,  and  adequate  procedures  already  exist  fot 
such  measurements  (e.g.  ARP  1179). 

Furtlier  investigation  of  Nun  conversion  in  afterburners  should  hi. 
made,  and  criteria  for  plume  visibility  due  to  NO2  should  be 
developed. 
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APPENDIX  A 


DERIVATION  OF  MATHEMATICAL  RELATIONS  USED  IN  PLUME  MODEL  nEVELOl'Ml-;NT 


ITiis  Appendix  is  divided  into  four  separate  parts.  Eaili  part  rjcatt. 
a major  segment  of  the  mathematical  relationships  employed  lu  iifvejupi  np, 
the  analytical  plume  model.  These  parts  are  the  folloving: 

Part  1.  Computation  of  Sai^le  Fuel*-Air  Ratio  and  Etniss  1 c'n.*^  ]ndi;  . s' 
from  Gas  Analysis. 

Part  2.  Efficient  Calculation  of  Equilibrium  .ind  Pseudi>-Ec|u  1 1 ibt  i I'ni 
Composition  of  Combustion  (Jascs. 

Part  3.  Thermostatic  Properties  of  Combustion  Gas  Mixtures  and 
Hydro-Carbon  Fuels. 

Part  4.  Interaction  of  Probes  with  Two-Part  Heterogeneous  Gas  Streams. 


PAJil  1.  Q)MPUTATION  OK  SAMl’LE  FUEL-AIR  RATIO  AND  DllSblONS  INDICES  FROM 

GAS  ANALYSIS 


The  combustion  reaction  Is  written  on  the  basis  of  one  pound  of  dry  air 


(-209495  0.,  .7808B1  N,  + .009J2a  A + .0003  CO,) 

nif  lU  lun  m 2 2 I 

*'  a 


" ,,  “2'-^  n;o  “2  "f  ^10“l0n  '^NO  ^'CO^ 


^'H.0  ""Z  ^N2  S ^ ^ 


(Ai) 


From  the  constituont  mass  balance.s,  some  of  the  sp's  con  be  evaluated: 


- 4.  in, 

'^'CO.,  “ m,  m ■*  '*'C0  ~ ^^'4' 

*•  : a 


(A2) 


5n£  j 

Vo 


i>u  “ 5u 


(A3) 


. 209495+.0UOJ  , i 1 1 


'0-, 


•f 


2 m,,  ,,  2 ’CO  2 ’NO 

il-)  u 


'C0-,  ” 2 ‘'h.,0 


>209495 


t . 1 


U(H2.5u)  --  -P  ^ (10.2. 5u),,  - ^ 


(A4) 


. 780881  1 


N.; 


m 2 NO 

a 


(A5) 


.009324 
*A  m 


(Ab) 
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The  total  moles  of  sample  coixture  per  pound  of  dry  air  la 


^ ^CO  t ^NO  ^C02  ^9  ^2  ^ 


i , u , 2.5nf  . i . .1  .,..., 

_ + + — + ,,  + -r  4.  + ll-i.3iO'K 

tn  m.  a\-  ^ CO  2 H , t 


(A?) 


The  moles  of  bone-dry  sample  per  pound  of  air  Is 


% = "CO  ■"  "f  ^NO  "•  "CO.  "■  '0.,  "■  "N,. 


(A8) 


The  CAROL  analyzer  measures  NO  as  moles  of  NO  and  NO.,  combined  per  mole 
gas  as-sampled: 


H' 


NO 


kM) 


Likewise,  hydrocarbons  are  measured  as  single-carbon-atom  molecules  on  an 
as-sampled  basis: 


10, 


(AlO) 


Before  measuring  CO  and  CO^ , the  sample  is  dried  to  JL”  F saturation,  whert. 
Che  water  content  is  approximately  .006202  moles  per  mole  drv  gas.  Tlie  CO 
and  CO.  analyzer  readings  are  then 


R 


'CO 


CO  1.006202  M 


U 


lAli 


R 


CO.  1.006202 


(A12  .) 
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uslnR  an 


. 'I.  i I.  ( 1 uvl , ' "It  Mic  II,  '' n>a>l  1 tie."  Is  (‘stlmated  from 

lit’  I i I I ;i  I M r ■ ■ I :i  t i oil ; 


J I I II  »/.  . H 


I K ( K 


(AJ  3) 


I I 1 1 If)  I’ 


I -I  III 


I I h 


R,.  I :l.  1)0  1 


(AlA.i; 

eAKti 


.■fii'ii  \lo,  A I ] , uni  A I .)  Tro  • ;)<'  ' v3  I ‘>  A.’  To  yU'ld 


Sill 

ill. 


(A15) 


i.itlo;i-i  All),  A.l  I , and  Al  l are  combined  wltli  A8  to  vield 


2 . Sn  !'  / l-l  J . 5ii 


H.  -I- 

■H'  1' 


501101  (R  + 


••L  + -■  (Alb) 


■i.i  M , .iii.ifiiiii-  \J , \lo.  ,\iJ,  .irul  Al.’  ari  I'oaibilud  1 1)  vi.-ld 


•;  - .UOUO/Sii 

K ■!  t-  . I • unn  (,K„  , »■  R ' O.  - 

, Ml  r ' ('■il  .i>  :i  tn 


( A 1 : 1 


■uitli'O--  \1  M , .liul  Al/  -Ur  .solvi'd  CuRt’IluT  to  vi-ild  v.iIuom  ! nr  I,  M-j-. 

i,i  Ml,,  ‘I  I t wilt.  It  till,  oinli^ions  Inilic:":  ar--  rc-idi  |v  o.i  1 c n I a t od  : 


I I, 


ni  . '■[ 


, I ’ M 


(A20) 


i:i 


NO 

X 


NO, 


rAi’.r  j. 


I'l-'KIOll-M 


i.Al.niLVl  ION  OK 
LOMl’OSi  rlON 


K.qLlLLUJlUl'M  /\N1)  PSliUDO-KeiUllJ  HRIUM 
OK  COMRUSriON  CASKS 


A s[U'c’..il  pri'ijokiuiv  is  ijsL-il  in  tlio  afterburner  emissions  plume  model 

for  eonipui.  iU  Lon  of  equilibrium  and  ps^uido-equl  1 ibrlum  composition  of  combus- 
tion p.ases.  Hie  preii.'dure  is  coi.iimtat  ional  ly  elfielent  and  bus  been  found 
reiiahle  a;  ttu'  lisiipi.’ iMt  a le:-  i.':  interest. 

Species  ceiii-e:' ! r.i;  1 v'-.i  : are  e Sp  lassed  as  moles  of  spLiies  per  pound  of 
mixture,  ik':i,  ted  . . la;  . c.i'tb.  d is  eiiniputai  iona  1 Iv  couveiiieiu  , as  will  be 
sluXvm,  and  li..'  /.'s  ^ an  readilc  id  eoaveiied  to  ma.s.s  iractiens 


^ * 


(A21) 


mixture  moleeular  we  ip, lit 


i 

m 


(A22) 


or  mole  fractions 


(A23) 


Ilie  peiieial  c emb  u.s  t i c-n  I'e.e  L i v'u  o!  one  pound  oi  dry  air,  f pounds  of 
iuei  '■  lad  p).,  ■ uid  ■ pouivls  ot  it,  r i : 


‘ t.,  I + * 0,  + .7,S0SS1  N,  + ,00U  j2A  A 4 .0003  CO,) 

:'.i  10  lOn  i.i  _ w z 


; ,0 


' " * li  , *■  Il,  c ,.y  ^,[1 

o h . - ■ O.  3 ■■  OH 


+ i;  / 0,0  1-  c /, 

' 11  ,u  . t 


' •'  + . I o . <•  . . N,  + i-.;:  Nt> 


(A24) 


where  ('  = 1 + f + I 


and  iiif  - 120.1.  + lO.Obn 


ConaLiiuent  mass  balances  provide  five  cons e ..vat ion  equations; 


H = ^ " ''^0,1 


A / iOn.t  ^ 2 _ 

« V ”£~  %0 


5-7+7  ..  k 191  + .0003 

C CO  CO2  g y ui£  m 


U ' ^0  ■*■  ^^0^  ^OH  Sl20  ■*■  ^CO  ^^C02  '^NO 


— (.209495  + .0003)  + — — 


C , ' Cu  - I «•'•»*»*>] 


(A  30) 


■'  0 \ 111 


l.i|  iii  i lb  t at  i I'K  ol  " l wi>-l)ody " reac'.ion.s  that  .io  nut  alLei  moJ;i’'itv  ..ml, 
bi-iHf,  111'  1 mil' la’mli'ii  I uf  P re.s.s  ur  c , are  used  Lo  providt-  flVi-  more  non  1 1 'le.ir 
i-  j n 1 1 i I M . ■ . : 


/.  - • r , /. 

I 'll  1 H . t>  , 


(AJ4) 


11^  + Oil  / H^O  + 


h/z„  » 


'^./h/oh 


CO^  + 11^  CO  + M^U ^ Z 


'^4^C02^^»2 
^»20 


(A35) 


N , h U , ; = •'Vn2^^02 


(A36) 


■’•ic  cliolcc  of  Equation  A31  depends  upon  whether  f uil-equilibrlum  or 
pueudo-equillbrium  composition  is  desired.  For  full  chemical  equilibrium, 
liquation  A31  is  provided  by  equilibration  of  a "three-body"  pressure- 
dependent  reaction; 


H + OH  H^o 


'U20 


(A37) 


111  a!J  casch,  the  eqtii  1 ib  ri  lui  constants  art  evaluated  Irom  the  Glbb.s  free 
cue  t)',  i ( I't  the  species  at  Llie  specified  tenipe  raturt'  (Appendix  A,  Part  3). 
Per  e X.ir’p  ) e : 


(A)8) 


Per  pseudii-equi  J i li  r i mil  eniiipusi  1 ion  ^ Pqualiun  All  is  provided  by  llie 
.peril  ietl  I'ixliire  inoliiiiLar  wi-i>;ht  (Pqiiation  A22): 

1 

m ' ■ i 

uii  i ' !i  is  111  I rii.i  1 ; /i  ■;  . ! I.e  p 1 1 .11:11  I e ' . . di  i i neil  as 


( A 'U  1 


where  m,j  Is  the  molecular  weight  of  the  "unreacted"  mixture  (fuel  oxidized 
only  to  CO  and  H2): 

\o) 


(A40b) 
(A40c) 

and  ffle  is  the  molecular  weight  of  the  completely  reacted  (undissociated) 
mixture : 

c 

i-  - = ~ i,,  + I„  + ” <)>  > 1 (A41b) 

m 2 H u 2 N A 
c 

where  ;■  is  the  equivalence  ratio 


^ ^ i,  4- 


.L  . j + 

2 0 2 "C  ' 2 ‘M  ■ "A  2 l“CCj 


f (‘‘a 


Zco^  .0003 


'I  r 
2 "N 


. 780881 
/ 1 

"iL  I 3 H 
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; = f/is  (A42a) 

.209495  ra 

f ==  (A42b) 

UJm  ft  + "■  n) 
a \ 4 / 


Oj)f  lulls  ,iru  provided  tor  reg.ardifig  the  CO,  the  NO,  or  both  as  inert 
si'eoie.s  with  ))  redetermined  eoiuent  ration.  When  these  options  are  exeri' i r.ed  , 
iquatiiin.s  A3‘>  ind/or  AJb  are  replaced  by  the  predetermined  value  for  /’(q) 
and, ''or 

Ine  sVili  ni  ut  11  nonliiK-ar  algebraii  eciuatluns  Is  solved  by  an  iteraiivc 
terlir,  1 .j  vR  . lu  initi.ile  the  proredun-,  an  inefficient  luit  undl  s soc  1 at  ed  mix- 
ture I utiUMi...  1 L 1 on  1 .s  compi.'leo  where 


r i-.li-  te  rmj  m-d  . 


For  lean  mixtures  (<t  < 1) 


Z - 0,  unless  predetermined 

wU 


■*■  2 “ ^^C02  **' 


V 4.  — 

'' 


'CO 


and 


2o2  ■ i >:o  - - i "no 


(A43) 


(AAA) 


For  rich  mixtures  (‘i  > 1) , 


ZO2  - (1  “ 8) 


^ I ^ i E - ^ 


2 0 2 C 2 I CO2  H,® 


("0, 


+ Z. 


A z 

2 NO 


(AA5) 


If  not  predetermined,  Zqq  is  initialized  as  a zero  of  the  equation 
2 


<*"4  “ "cO 


il  E,  + i E 


C ' 2 "H  “O'  ““0,  ' “no)  ('^A 


E^  + 2Z-  + Z. 


(AA6) 


^ Ka  Ec  *•  2 


"co  2 "h  - "0  + 2"o2 


"no) 


= 0 


and 


?;■  + — y _ y +.  T7  _ 7 + V 

C 2 H 0 CO  NO 


(A47) 


For  both  lean  and  rich  mixtures,  from  F,qi,atlous  A2d  and  A29, 


^'H20  ■ g ' C ^ ^ ^CO  ~ ^'NU 


(A98) 


For  1 u 1 J-oqiii  1 ib  rituii  compos  i t ioiu; , tlie  estimate  ;•  = .99  is  used  to  -oiiipute 
the  Initial  mixture. 

Tile  iterative  pro,  ,'duti  is  to  ei.Llmtlle  i uiu'en  i r , 1 1 1 ons  id  [ iu’  ''piimats'' 
species  11_)  , Oj  , .ind  lijU,  iiMtipule  values  fur  all  utiu-i  s\us  . orr  espond ! ng 

to  tile  esLimaled  val  ,e-.  ot  il.e  priniarv  species,  test  ic'r  l losuie.  tlieii  revlsi 
the  estinu,iLes  of  tlu-  ; f i nuUs,’  specli-s  .and  ripent.  Hr-t  "op,  then  /.o  and  /.p 


are  computed  directly  irom  Equations  A32,  A33,  and  A34.  If  not  predoleririined , 
Zco  is  computed  from  a combination  of  Equations  A28  and  A35. 


Z 


CO 


ZH20+‘^4^H2 


(A49) 


then  Z(jQ2  i®  computed  from  Equation  A28.  If  not  predetermined,  Zjjq  Is 
computed  from  a combination  of  Equations  A30  and  A36 : 

" V^4  S ^02  (4  S “^n)  “ 4 S ^02 

then  is  computed  from  Equation  A30  and  from  Equation  A31. 

To  test  for  closure,  continuity  errors  for  hydrogen  and  oxygen  arc 
derived  from  Equations  A27  and  A29i 


A^h  = 

“ 2Zh2  - 

^OH  “ 

(A51) 

'0- 

^0  " ^^02  ' 

V 

^CO  “ ^^C02  “ ^NO 

(A52) 

For  pseudo-equilibrium  mixtures,  a third  closure  error  is  derived  from 
Equation  A22: 


"(i)  ■ (-»)  - 'A 


(A3  !) 


For  full  equilibrium  mixtures,  the  third  closure  error  Is  lierived  from 
Equations  A22  and  AJ7: 

V-,) 

II  till-  m.iKni  tilde  of  .inv  closure  error  exceeds  the  ti’ler.ince,  new 
estimates  iit  E|.  , 7.q  ^ anil  are  nude,  tliiil  tlie  proles'-,  is  re  1 t c r.it  cd  : 


.■.(/.ul’K^)  - ind'K,) 
n b 


H,0 
^11  ^OH 


(Z  ) - (2  ) A2 

2 2 ,,  ^2 
new  old 


(A55b) 


new 


old 


(A55c) 


The  values  of  the  AZ's  that  will  effect  the  desired  corrections  indicated 
by  Kquations  A.'>1  through  A54  are  (ierlved  hy  differentiation  of  Equatloris  A27, 
A29,  and  A22  or  A32: 


11  ^ 3Zq  ^^02  ^ZhjO  H2® 


3l0  BIq 


(A56) 


(A57) 


for  both  pseudo-equilibrium  and  full-equilibrium  mixtures,  and 


(^)  (-)  ■*■3!“  1")  ^^0  32^ 

\“/  *^^12  \“/  “2  ®2  ^^H20  \m 


ij  l\Z|^  Q (A58) 


for  pseudo-equilibrium  mixtures,  or 

A(miPK  ) = UnPK,  ) AZ„  + (JfnPK,)  AZ^  + ■— — (dnPK  ) A? 

“2  2 ®2  ^ “2° 

(A59) 

for  full  e<i  1 librium  mixtures.  The  set  of  three  linear  equations  provided 
by  Equations  Abb,  A37,  iuul  A58  (.or  A56,  A57 , and  ;\59)  are  solved  slmulianemisly 
for  the  three  Z's,  after  first  evaluating  the  partial  derivatives.  T1\1k  is 
done  as  folUiws:  from  Equation  A2  7, 


+ 2 + 


•iZ 

'Z.. 


OH 


(AbO) 


Rearranging  Equation  A34 


= UnK^  + «-nZ|  + “ ^-nZy  q 


Similarly,  from  Equation  A32 


Combining  Equations  A60,  A62,  and  A63, 


Hie  remaining  partial  derivatives  are  similarly  evaluated: 


(A61) 


(A62) 


CAt.  !) 


(A64) 


(.Ah'i  i 


U\!l.  ' 
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I’ARf  J.  THKKMOSTATIC  PROl’l-RTlES  OF  COMnUSTlON  GAS  MIXTURES  AND  HYDROCARBON 

FUELS 


Tl\o  compos Ltionfi  of  combustion  gas  mixtures  are  described  by  a hybrid 
parameter  denoted  Zj[,  which  Is  the  pound-moles  o£  species  1 per  pound  of 
mixture,  'litis  system  Is  computationally  more  convenient  than  mole  fractions 
or  mass  fractions,  and  is  tiu!  system  used  internally  in  the  NASA  General 
Chemical  Kinetics  Program  (Reference  35),  much  of  which  is  incorporated  in 
the  plume  model. 

Using  tills  .system  to  describe  tlte  gas  mixture,  the  mixture  molecular 
weiglit  is: 


(A76) 


Mixture  enthalpy,  specific  heat,  and  entropy  are  derived  by  appropriately 
averaging  tlie  ditnenaloniess  enthalpies,  specific  heats,  and  Gibb.q  free  energies 
of  the  species  at  the  prescribed  temperature  T: 


h = RJ 


(A77) 


C„  = R L , Z . 
P oil 


(a7b) 


(A74  ) 


tlcrc,  Rq  = 1.  9H596  Btu/mole-dcg  R,  and  P is  the  prescrlliod  pressure  in  peun.li- 
per  si]uare  incli. 


Otlier  mixture 


properties  are  specific  volume  (cuiiic  Feet  per  lumniO  : 


V 


R JT 
_o  _ 

1 4hPiii 


(ARL'i 


wtiere  .1  = 778.2  ft-ibf/Btu,  and  sonic  velocity  (feet  per  second): 


- /u4'  p;; 


' A S L ) 


where  gj,  = 32.  174  ft-lbm/lbf-sec^  and 


(AH.’) 


1‘he  dimensionless  specific  heats,  enth.nlples,  and  Gibbs  free  energies 
of  the  pure  species  are  represented  as  polynomial  functions  of  temperature, 
a method  recommended  by  McBride  and  Gordon  (Reference  36)  and  used  in  the 
NASA  General  Cbiemlcal  Kinetics  Program  (Reference  35): 


C 

_£ 

R 


A^  t 


V*- 


A^T 


3 5 

A.T  + A,T'’ 
4 5 


(A83) 


RT 


3 5 4 

r’  + --  T 


(A84) 


G_ 

RT 


Aj^  (1-inT) 


A,  , Ag  , A 

4 „3 5 «4  __6 

12  ^ 20  ^ ^ T 


(A85) 


Values  of  the  seven-polynomial  coefficients  for  each  chemical  species 
and  two  temperature  ranges  are  presented  in  Table  Al.  These  values  are  for 
temperatures  in  degrees  Kelvin.  Except  for  A^,  the  coefficients  are  the 
same  as  those  supplied  by  Or.  Bittker  of  NASA  as  part  of  the  GCKP  program, 

Tlie  coefficient  A^  has  been  .adjusted  to  conform  to  the  t.eiier;  i Electric- 
customary  enthalpy  datven.  Thi  enthalpies  are  absolute  on  t ha  1 p t c'S  , equal  to 
the  sura  of  (a)  the  sensit>le  enthalpy  of  the  compc'und  l rum  its  elements  ui 
temperature  and  (b)  the  heat  of  formation  ot  the  compound  from  its  elements  in 
their  standard  states  at  the  reference  temperature  (Reference  37).  The  NASA 
data,  as  received,  used  a reference  temperature  of  298"  K,  whereas  General 
Electric  practice  is  to  use  absolute  zero  reference  temperature.  A correction 
.‘.A^  wa.s  applied  to  make  the  computed  enthalpies  of  the  five  elements  in  llu-ir 
standard  states  at  T = 298°  K .igree  with  the  JANAF  emhalpies  (Reference  181 
at  T = 298°  K relative  to  H = 0 at  T = 0.  For  the  elements; 
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Tht?  AA()  corrections  for  the  compounds  v<erc  derived  irom  ihe  '-A,,  v.ihies 
of  the  elements  in  their  reference  states.  I’or  example,  for  ll,iU: 
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The  properties  of  unburned  fuel  vapor  In  the  gas  mixture  are  coinjinttHl 
somewhat  differently  from  the  other  species.  The  specific  heat  is  taken  as 
that  of  ethylene  gas,  coefficients  for  which  are  given  in  Table  A-1;  lu>wevvr 
the  enthalpy  is  corrected: 


HC2H4  ^ 

RT  “ RT  RT 


where 


AH.  = (LHV).  ^ . , + (Ah.  ) 

f 'Jet  fuel  fg  , . t , 

“ Jet  fuel 

LHV  = lower  heating  value  at  77“  F 


(LHV) 


C2Ha 


(A88) 
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Ah^^  = approximate  heat  of  vaporization  of  jet  fuel  at  77“  K (A90) 


This  representation  of  unburned  fuel  is  inexact,  as  the  fuel  is  not 
C2H^  but  an  undetermined  mixture  of  heavier  iiydrocar bin  mplei-ules  character- 
ized approximately  as  however,  the  concontr  at  ion  of  unburtied  fuel 

is  usually  quite  small,  so  that  errors  in  c.as  temper  nri'  resuilins;  f roii\  tl>o 
approximations  should  ho  negjigible. 

If  not  specified,  the  lixcer  heating  value  of  liquid  lel  t ue  I is  .•5iL1n.it 
from  the  hydrogen- 1(>- carbon  ratio  n,  u.sing  iho  ompiricnl  i elation: 


IhAbdb.OA  +__37_9  ;,7 .2,0 
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derived  from  the  lata  .ind  c or  re  J ,'iL  i ons  ul  .i,-.ssup  <-t  .il.  (Ki-iirims  '9  ' • 

The  absolute  enthaipv  i>t  tlie  liquiu  t uc  1 supplioJ  to  'vUli  main  ,onihii..;;o 
and  afteri)urner  is  computed  trom  t lie  eiuh.ili;  ie.s  of  oxvgcn  w.iter  v rc.'i  , ,ind 
carbtin  diot-tidi-  .11  ri'oiii  t ernpir.itiii  i-  { I'l,  .ind  i 1 om  the  to„.  t i".,  ".il  1. 

of  tJu-  iiiel.  bv  de ; i 11  i t 1 on  , tlu-  lowei  lu-.r,  . nx  value  . t In  b.  it  ri'iovei  ' ro 
a c ons  tan  t- pres  sure  , i on:.  1 .itit  - t empi- r.i  t iir,  r--.»vtor  1:1  which  lu-  nouiul  .'t  ; uo  1 


is  hunifd  I'Dinp  le  loly  Co  w.iior  v;ipur  ami  C()^: 


l-HV 

- . 

Fuel  + il) 

!■  = 

Ihu  rw;  act  ion  is: 

( , , il,  t 10  + .’.‘m)  0 ■ »-  10  i.:o,  !,ii  11,0  (A9. 

lU  LUu  2. 

'.I'liLln.k;  tho  heat  iiaiaiico  [v>i-  one  i)ouiul-mole  ol  fuel: 


CO,,  + H^O 


U) 


T - ysr  K 
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wlioro  li  is  enthalpy  piT  poimd  and  H is  ontlialpy  per  niolo.  Rearranging,  a 
cxpve.ssing  in  teruus  of  tne  d tmens  1 onicss  spoeios  enth.ilpies  used  above: 
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111  f.i-.u  ,a  1 , the  1 IK- 1 is  nol  -.iiiiiilied  to  tin’  engine  il  1 F,  so  that 
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INTERACTION  OF  PROBES  WITH  WO-PART  HETEROGENEOUS  CAS  STREAMS 


The  heterogeneous  gas  stream  is  laodeled  analytically  as  a "marble 
cake"  flow  of  only  two  gases,  dispersed  in  each  otlier  but  unmixed.  The  two 
gases,  called  "hot"  and  "cold",  are  as.suiwd  to  have  tlie  s;unu  static  pressute 
and,  being  raochanlcally  interlocked,  Che  same  velocity.  In  the  following 
developments,  they  will  also  be  assumed  to  be  perfect  gases  with  constant 
(but  not  equal)  molecular  weights  and  specific  heats. 

This  simple  model  lends  itself  to  analytical  prediction  of  the  respmi.s,' 
of  measurement  probes  Immersed  in  the  heterogeneouf.  flow.  Tt\e  equations 
derived  are  those  utilized  In  the  plunn-  model. 


^ • Gas  Sample  Pr<.'be 


The  gas  sample  probe,  shcxvn  schematically  in  Figure  Al,  has  orifice  area 
A*  and  is  aspirated  strongly  enough  that  th.e  sample  flow  is  choked  at  all 
times.  The  sample  flow  is  assumed  to  be  sCeady-.state  as  long  as  the  probe 
is  Immersed  in  one  or  Che  other  of  the  gases,  and  the  transition  period 
during  passage  of  a boundary  is  neglected. 

During  a period  when  the  probe  is  sampling  one  of  the  two  gases,  a flow 
function  can  be  defined  for  the  choked  orifice  (Reference  40): 


1+1 

(^if 


wliero  w is  t!u-  instantaneous  sample  flow  rate  and  I*;'  i;t  the  i ns  t an  i .laeous 
ptobo  impact  pressure,  vliich  depends  upon  the  spccili,  Geat  ratio  ■ an,l  ti:e 
Macii  number: 
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Over  an  extended  period  of  tiae,  the  total  tutse  of  gas  sanpled  per  unit 
titoe  will  be: 


'^8  " ^ 

where  the  subscripts  refer  to  the  hot  and  cold  gases,  and 
of  tioe  during  which  the  probe  samples  hot  gas.  t is  also 
fraction  of  free  volume  occupied  by  hot  gas; 


where  y is  the  mass  fraction  of  hot  gas  In  the  free  stream 
volume,  and 


V ^ yvy  4-  (1  - y)  v^ 


The  mass  fraction  of  hot  gas  in  the  sample  will  be: 


V 
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Using  Equation  AlOO  to  evaluate  w^. 
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= W T -f  W (1  “ t) 
yg  H c ^ ' 


Equating  T from  Equation  AlOl  and  rearranging. 
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Evaluating  v from  Equation  A102  and  further  rearranging, 
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is  the  fraction 
eqtial  to  the 

(AlOl) 

V is  specific 

(A102) 

(A103) 

(A104) 

(A105) 
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(A106) 


The  ratio  can  be  evaluated  from  Equation  A98: 


Total  Pressure  Probe 


(A107) 


(A108a) 


(Al08b) 


The  total  pressure  probe,  Figure  A2,  Is  assumed  to  contain  a large, 
closed  chamber  behind  the  probe  orifice,  which  is  otherwise  similar  to  the 
gas  sample  probe.  The  pressure  in  the  chamber,  is  assumed  to  be  steady 
and  of  a magnitude  between  and  P^c-  Since  the  hot  and  cold  gases  have 
the  same  velocity  and  static  pressure,  the  cold  gas  will  have  a higher  Mach 
luunber,  hence  a hlglter  impact  pressure.  During  the  period  when  the  probe  is 
immersed  in  cold  gas,  gas  flows  Into  the  probe  chamber  through  the  orifice. 
It  is  assumed  that  the  flow  separates  at  the  orifice  throat,  so  that  the 
throat  static  pressure  Is  Pt*  and  that  the  pressure  differences  are  low 
enough  that  the  low^speed  approximations  apply  at  the  throat: 


TC 


2gcV 


c 


(A109) 


Here,  Wc  is  the  flow  of  cold  gas  uito  the  probe  while  the  probe  is  exposed 
to  cold  gas. 
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(a)  Probe  tn  Cold  Gas 


(b)  Probe  in  Hot  Gas 


Figure  A2.  'Total  Pt'cssurc  Probe  In  Two-Part  Heterogeneous  Stream 


DurlUR  the  period  when  the  probe  la  exposed  to  hot  gas,  the  gas  impact 
pressure  Is  lower  than  Pj*  Sas  already  in  the  probe  chamber 

flows  out  into  the  probe’s  stagnation  region.  Using  the  same  assupiptlons 
as  before, 


(A103) 


where  Wjj  is  the  flow  of  cold  gas  out  of  the  probe  while  the  probe  is  exposed 
to  hot  gas. 

Over  an  extended  period  of  time,  the  total  flows  into  and  out  of  the 
probe  chamber  must  be  equal! 


w^t  - w^  (1  - t) 


(A104) 


where  t is  the  fraction  of  time  during  which  the  probe  is  exposed  to  hot 
gas,  as  in  Equation  AlOO,  Combining  Equation  A104  with  A109  and  A103. 


(A105a) 


or 
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(A105b) 


3-  Aspirated  Thermocouple  Probe 


The  thermocouple  probe,  Figure  A3,  resembles  the  gas  sample  probe,  except 
that  a thermocouple,  junction  is  Inserted  in  the  throat  of  the  sampling  orifice. 
The  probe  is  assumed  to  be  sufficiently  aspirated  to  choke  the  flow  in  the 
throat  at  all  times.  The  flow  and  heat  transfer  are  assumed  to  be  steady- 
state  as  long  as  the  probe  is  imnersed  In  one  or  the  other  of  the  gases,  and 
the  transition  period  during  passage  of  a hot-cold  gas  boundary  is  neglected. 
The  thermocouple  junction  is  assumed  to  be  sufficiently  massive  that  its 
temperature  is  constant  with  time. 
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While  the  probe  is  immersed  in  one  of  the  gases,  the  instantaneous  rate 
of  heat  transfer  from  the  aspirated  gas  stream  to  the  thermocouple  junction 
is 


g = hA  (T^  - f^)  (A106) 

where  A and  are  the  surface  area  and  temperature  of  the  thermocouple,  T>p 
is  the  gas  total  tenqpetature,  and  h is  the  mean  heat  transfer  coefficient, 
which  may  be  approximated  by  the  empirical  formula  for  heat  transfer  to  a 
sphere  of  diameter  D (Reference  41): 


(AJ07) 


Over  an  extended  period  of  time,  there  is  no  net  heat  transfer  to  the 
thermocouple! 


Qh  t + Qc  ^ 0 

Using  Equations  A106  and  A107,  this  becomes 

(U*/v*)^‘^  (T^  - f^)  + (1-T)k^p~-^  (U*/V*)^*^ 

By  continuity, 
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(A108) 


\)  “ 0 
(A109) 


(AllO) 


so  that  Equation  A109  becomes: 

.6  .6 

’ 0;)  - V * <*-’>  «ic  - ^i)  ■ » 


The  gas  transport  properties  can  be  evaluated  approximately  by  observing 
that,  for  combustion  gases  with  equilibrium  adiabatic  temperatures  along  a 
fuel  addition  line  from  standard  day  ambient  air  temperature. 


k .45 

— ^ “ T ^ (A112) 
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is  a good  approximation  up  to  T « 2500®  R,  which  Is  close  to  the  upper  limit 
for  base-metal  thermocouples  (Figure  A4).  Substituting  Equation  A112  in  Alll 
and  solving  for 


(A113) 


The  ratio  of  aspirated  gas  flow  rates  through  the  sonic  throat  of  the 
probe,  wy/w^,  is  evaluated  by  Equation  A107,  and  the  fraction  of  time  the. 
probe  is  exposed  to  hot  gas,  t.  Is  evaluated  by  Equations  AlOl  and  A102. 
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Figure  A4.  Approximate  Relationship  Between  Thermal  Conductivity, 
Viscosity,  and  Temperature  for  Combustion  Gases. 
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PURPOSE 

This  is  the  recoitmiended  procedure  for  the  continuous  sauipling  tuid 
analysis  of  gaseous  eoL’.Bsiona  from  afterburning  aircraft  gas  turbine  engines 
and  is  Intended  to  standardize  the  emission  test  procedures  aiid  equipment 
for  measuring  carbon  monoxide,  carbon  dioxide,  nitric  ./xide  , total  NOj^,  and 
total  hydrocarbon.  Due  to  the  reactive  nature  o£  Uie  exliaust  plume  from 
afterburning  engines,  special  procedures  are  necessary  to  assure  that  the 
measured  emissions  levels  corresnoinl  to  those  actually  emitted  int>j  the 
surrounding  atmosphere,  lliis  procedure  is  con^rised  of  two  distinct  parts. 
Part  A describes  the  procedure  for  use  when  exhaust  gas  samples  are  taken  at 
axial  stations  far  removed  from  the  engine  exhaijst  plane.  This  is  the 
preferred  procedure.  In  caj;e  the  required  test  facilities  are  not  available 
for  using  this  procedure,  aji  alternative  procedure  is  given  (Part  B)  which 
involves  sampling  at  the  nozzle  exit  plane.  The  use  of  ; Part  B procedure 
requires  calculation  of  the  ultimate  emissions  levels  utilizing  a computet 
program  derived  from  a reactive  plume  analytical  model. 

INTRODUCTION 

Procedures  have  been  developed  and  published  by  the  SAE  (Reference  43) 
and  EPA  (Reference  44)  for  the  measurement  of  gaseous  emissions  from  aircraft- 
gas  turbine  engines.  Since  these  procedures  are  not  suitable  for  afterburning 
engines,  the  U.S.  Air  Force  sponsored  a program  (Contract  F336 15-7 3-0-2047) 
with  the  General  Electric  Company  to  develop  emissions  measurement  techniques 
applicable  to  afterburning  engines.  A complete  description  of  the  develop- 
ment of  these  procedures  is  given  in  the  final  report,  AFAPl  “TR-7ij-32 . 

For  non-af terbumlng  turbine  engines,  temperatures  at  t.he  exliaust  nozzle 
are  typically  less  than  1200°  F.  At  such  temperatures,  chemical  reactions 
no  longer  proceed  at  an  appreciable  rate  and  the  measured  emission  levels 
correspond  to  those  actually  ejected  into  the  atmosphere.  In  the  case  of 
afterburning  gas  turbine  engines,  exhaust  temperatures  can  reach  3500°  F 
and  chemical  reactions  can  occur  for  a considerable  distance  downstream 
of  the  exhaust  plane.  Thus  to  obtain  the  true  emissions  levels  for  after- 
burning turbine  engines,  the  plume  should  be  sampled  at  a location  far 
enough  removed  from  the  engine  that  the  gases  have  been  cooled  to  a teni])era- 
ture  where  reactions  have  ceased.  Such  a technique  is  described  in  Part  A 
of  this  measurement  procedure.  Tills  procedure,  however,  requires  consider- 
able clear  area  aft  of  the  engine  and  thus  would  generally  neces.sitate  an 
outdoor  test  facll.'.ty. 
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In  case  ni'  such  test  facility  is  available,  n^asureraents  may  be  made 
at  the  nozzle  exit  location,  as  described  In  Part  B of  this  procedure.  Ttie 
measured  emissions  levels  must  then  he  corrected  for  plume  reactions  through 
utlliza'ln.;  of  a computer  program  derived  from  a reactive  plunse  analytical 
mode  1 . 

ITie  Part  A procedure  (Far  Plume  Method)  Is  the  preferred  procedure  and 
normally  gives  more  reliable  results,  especially  at  very  higli  afterburner 
power  leveLs,  Tliiu  procedure,  however.  Involves  accurate  measurement  of 
extre.ttKly  low  concentrations,  which  approach  ambient  levels  and  special 
data  reduction  methods  are  required.  A test  for  repre.sentatlve  sampling  is 
provided  by  statistic  ’1  analysis  of  the  data. 

The  procedure  described  in  Part  B for  sampling  at  the  nozzle  exit  plane 
(Nfar  Plume  Method)  requires  the  use  of  carefully  designed  probes  or  rakes 
which  will  not  only  withstand  the  severe  thermal  and  mechanical  stresses  hut 
V,  ill  also  provide  for  rapid  quenching  of  the  chemical  reactions  (quick  quench 
probe).  Accurate  probe  position  and  total  pressure  measurements  are  required 
so  that  proper  mass  and  ar.ia  welg^iting  factors  may  be  applied.  A test  for 
representative  sampling  is  provided  for  by  comparing  total  fuel  flow,  as 
calculated  from  the  exhaust  gas  measurements,  with  the  measured  total  engine 
fuel  flow. 
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SECTIONS 


This  procedure  is  divided  Into  Che  following  sectlonp 

PART  A - FAR  PLUFIE  METHOD 

Al.  Definitions  cf  Terms 
A2.  Analysis  Equipment 
A3.  Sampling  Equipment 
AA.  E(julptnent  Layout 
A3.  instrument  Routines 
A6.  Reference  Cases 
A7.  Test  Procedure 

A8.  Minimum  Information  to  be  Recorded 
A9.  Calculation  of  Results 

PART  B - NEAR  PLUME  METHOD 

Bl.  Definitions  of  Terms 
B2.  Analysis  Equipment 
B3.  Sampling  Equipment 
B4.  Equipment  Layout 
B5.  Instrument  Routines 
B6,  Reference  Gases 
B7.  Test  Procedure 

BB.  Minimum  Information  to  be  Recorded 
B9.  Calculation  of  Results 
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PART  A,  FAR  PLUME  METUOI)  (MhASUREMENT  PROCEDURE  FOR  SAMPLING  AT  AXIAL 
stations  far  removed  from  nozzle  exit  PLANE) . 

Al.  DEFINITIONS 


Al.l  Aircraft  Gas  Turbine  Engine;  A turboprop,  turbofan,  or 

turbojet  aircraft  engine. 

A1.2  Engine  Exhaust!  Flow  of  material  from  an  engine  as  a result 

of  the  combustion  of  fuel  and  air. 

Al.l  Exhaust  Emissions:  Substances  'Ejected  into  the  atmosphere 

from  the  exhaust  discharge  nozzle  of  an  aircraft  engine. 

Ai.A  Particulates : Solid  exhau.^;t  emissions, 

Al.5  Smoke ; Matter  in  exhaust  emissions  which  obscures  light 

transti'l  ssion. 

A1.6  Augn^ntor:  A device  or  method  used  to  obtain  thrust  in 

addition  to  that  provided  by  normal  operation  of  the  main 
engine. 

Al.7  Afterburning  Gas  Turbine  Engine;  A gas  turbine  engine  in 

which  thrust  augmentation  is  provided  by  injection  and 
combustion  of  additional  fuel  in  an  afterburner.  The  after- 
burner is  located  between  the  turbine  and  the  exhaust  nozzle. 
Tlie  terra  "afterburner"  generally  applies  to  a turbojet  engine, 
[f  the  engine  is  a turbofan  type,  thrust  augmentation  may  be 
obtained  by  burning  in  the  fan  stream  (fanbumer  or  duct- 
burner)  or  in  the  combined  core  stream  and  fan  stream  (mixed- 
flow  augmentor). 

A'-.S  I’oilutant:  Objectionable  exhaust  emission, 

Plume : Region  downstream  of  engine  exh."'ust  plane  who  *'  exliaust 

gases  mix  witli  the  ambient  air. 

Al.lO  Total  Hydrocarbons  (abbreviated  HC) : The  total  of  hydrocarbons 

of  all  classes  and  molecular  weights  in  the  engine  exhaust. 

Ai. 11  Oxides  of  Nitrogen  (abbreviated  NO^) : The  total  of  oxides  of 

nitrogen  in  the  engine  exhaust.  The  total  NOj^  value  is  cal- 
culated as  equivalent  NO2. 
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A1.12 


I 


4 


I 

I 


Flame  Ionization  Detector > A bydrogen-aii:  diffusion  flame 
detector  that  produces  a signal  nominally  proportional  to 
the  mass  flow  rate  of  hydrocarbons  entering  the  flatae  per 
unit  of  time,  generally  assumed  responsive  to  the  nu»ber  of 
carbon  stone  entering  the  flatae. 


A1.13  Mondiaperaive  Infrared  Analyaert  An  Inst rv. rent  that  selec- 
tively measures  specific  components  by  absorption  of  infrared 
enet^. 

A1.14  ChetailuBdneBGence  Analyaer-.  An  instrument  In  which  the 

Intensity  of  light  produced  by  the  chemllwninescence  of  the 
reaction  of  nitric  oxide  with  ozone  is  propotclonal  to  the 
concentration  of  nitric  oxide.  Conversion  of  NO2  to  NO  prior 
to  entering  the  analyzer  permi*'S  the  determination  of  both 
species . 

Al. 15  Interference;  Instrument  response  due  to  components  other 
than  the  gas  that  is  to  be  measured. 

A1.16  Calibrating  Gas;  Gas  of  known  concentration  used  to  establish 
instrument  response. 

A1.17  Span  Gas;  A calibrating  gas  used  routinely  to  check  Instru*- 
ment  respo.;se. 

A1.18  Zero  Gas;  A calibrating  gas  used  routinely  to  check  instru- 
ment sero. 


A1.19  Concentration;  The  volume  fraction  of  the  component  of 

Interest  in  the  gas  mixture,  expressed  as  volume  percentage 
or  as  parts  per  million. 
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A2.  ANALYSIS  EQUlPJffiNT 

A2.1  NDIR  Instruments;  Nondlspersive  infrared  (NDIR)  analyzer  shall  be 
used  for  the  continuous  monitoring  of  carbon  monoxide  (CO)  and  carbon  dioxide 
(CO2)  in  the  turbine  exhaust. 

The  NDIR  instrumenta  operate  on  the  principle  of  differential  energy 
absorption  from  parallel  beams  of  Infrared  energy.  The  energy  is  transmitted 
to  a differential  detector  through  parallel  cells,  one  containing  a reference 
gas,  and  the  other,  sample  gas.  The  detector,  charged  with  the  component  to 
be  measured,  transduces  the  optical  signal  to  an  electric  signal.  The  elec- 
trical signal  thus  generated  is  amplified  and  continuously  recorded. 

i 


A2 . 1 . 1 Inatrunient  Perfonaatice  Specifications; 


Response  Time  (electrical)  - 90%  tuli  scale  response  in  0.5  second 
or  less. 

Zero  Drift  - Less  than  ± 0.5%  of  full  scale  in  1 hour  on  most  sensi- 
tive range. 

Span  Drift  - Less  than  i 0.5%  of  full  scale  in  1 hour  on  most  sensi- 
tive range. 

Repeatal  illty  **  Within  ± 0.5%  of  full  scale. 

Noise  - Less  than  i 1.0%  of  full  scale  on  most  sensitive  range. 
Sample  Cell  Temperature  - Minimum  50“  C (122°  F)  maintained  within 
1 2“  C (3. 6“  F) . 


A2 . 1 . 2 Range  And  Accuracy: 
Kai\ge 

Carbon  0 to  100  ppm 

Monoxide  0 to  500  ppm 

fl  to  1,000  ppm 

Carbon  0 to  1% 

Dioxide  0 to  2% 

0 to  5% 


Accuracy  Excluding  Interferences 

i 2%  of  full  scale 
± 1%  of  full  scale 
± 1%  of  full  scale 

i 1%  of  full  scale 
i 1%  of  full  scale 
± 1%  of  full  scale 


A2 . 1 . 3 Sens  it ivl ty i 

CO  Sensitivity  (on  most  Sensitive  range)  - 0.3  ppm 
CO2  Sensitivity  (on  most  Sensitive  range)  ■*  0.005% 


A2.1.^  NDIR  Ce  11s  All  NDIR  instruments  shall  be  equipped  with 
ceils  of  suitable  length  to  measure  concentrations  within  the  above  ranges  to 
the  indicated  accuracy.  Range  changes  may  be  accomplished  by  use  of  stacked 
sample  cells  and/or  changes  in  the  electronic,  circuitry. 


A2 . 1 . 5 Interfe  renc.e;  Interferences  from  water  vapor,  carbon 
dioxide,  and  carbon  monoxide  shall  be  deter  Ined  on  the  most  sensitive  instru- 
ment range.  Response  of  CO  instruments  shall  be  less  than  5%  of  full  scale 
for  2.5%  CO2  or  4%  water  vapor.  Optical  filters  are  the  preferred  method  of 
discriinination.  In  some  cases  a cold  trap  or  drying  agent  may  be  necessary 
to  reduce  water  content  below  the  level  at  which  its  interference  is  accep- 
table. 
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A2«2  Total  Hydrocarbon  Analvaert  The  meaautenent  of  total  hydrocarbon 
is  made  by  an  analyser  using  a flame  Ionisation  detector  (FID) . With  this 
type  detector  an  Ionisation  current » proportional  to  the  mass  rate  of  hydro- 
carbon entering  a hydrogen  flame  is  established  between  two  electrodes. 

This  ionisation  current  is  measured  using  an  electrometer  aiq>lifier  and  is 
continuously  recorded. 

A2.2.1  General  Deslm  Speclfleationss  The  analyzer  shall  be 
fitted  with  a constant  temperature  oven  housing  the  detector  and  sao^le- 
handling  components.  It  shall  maintain  temperature  within  i 2”  C of  the  set 
point,  which  shall  be  within  the  range  155  to  165*  C (311-329®  F) . 

Ihe  detector  and  sample  handling  components  shall  be  suitable  for  con- 
tinuous operation  at  ten^eraturee  to  200“  C (392*  F) , 


V: 


A2.2.2  Instrument  Performance  Specifications! 

Response  Time  (electrical)  - 90%  of  full  scale  in  0.5  second  or 
less . 

Noise  - Less  than  i 1.0%  of  full  scale  on  most  sensitive  range. 
Repeatability  - Within  ± 1.0%  of  full  scale. 

Zero  Drift  - Less  than  i 1%  of  full  scale  in  4 hours  on  all  ranges. 
Span  Drift  - Less  than  i 1%  of  full  scale  In  2 hours. 

Linearity  ~ Response  with  propane  in  air  shall  be  linear  within 
t 2%  over  the  range  of  0 to  500  ppmC. 


A2.2.3  Range  and  Accuracy 
Range 

0 to  10  ppmC 
0 to  100  ppmC 
0 to  500  ppmC 


Accuracy 


± 5%  of  full  scale  with  propane 
calibration  gas. 

± 2%  of  Cull  scale  with  propane 
calibration  gas. 

± 1%  of  full  scale  with  propane 
calibration  gas. 


A2.2.4  Sensitivity 

HC  Sensitivity  (on  most  sensitive  range)  - 0.1  ppm 


A2 . 3 ('.hemllutnlnescence  Analyzer 

A2.3.1  General  Insttument  Deseglptlon;  A chemllunilnesceiice 
analyzer  with  thermal  converter  shall  be  used  for  tneasurlng  nitric  oxide  (NO) 
and  total  oxides  of  nitrogen  (NO^) . The  dierai luminescence  method  utilizes 
the  principle  that  NO  reacts  with  ozone  (O3)  to  give  nitrogen  dioxide  (NO2) 
and  oxygen  (03/ . Approximately  10  percent  of  the  NO2  is  electronically  ex- 
cited. The  transition  of  excited  NO2  to  the  ground  state  yields  a light 
emission  (600-2600  nanometer  region)  at  low  pressures.  The  detectable  region 
of  this  emission  depends  on  the  PM-tube/optlcal  filter  being  used  in  the 
detector.  The  intensity  of  this  emission  is  proportional  to  the  mass  flow 
rate  of  NO  into  the  reactor.  The  light  emission  can  be  measured  utilizing 
a photomultiplier  tube  and  associated  electronics. 

The  method  also  utilizes  the  principle  that  NO2  thermally  decomposes 
to  NO  (2NO2  2N0  4-  O2)  . A thermal  converter  unit  designed  to  provide 

essentially  complete  conversion  of  NO2  to  NO  is  included  as  a part  of  the 
chemiluminescence  analyzer  package.  If  the  sample  Is  passed  througli  the 
converter  prior  to  entering  the  chemlliiminescenGe  analyzer,  an  NOjj  reading 
(NO  + NO2)  is  obtained.  If  the  converter  is  bypassed,  only  the  NO  portion 
E " is  indicated. 

ff 

A2 . 3 . 2 Instrument  Performance  Specifications 

Response  time  (electrical)  - 90%  of  full  scale  in  0,5  second  or 
less , 

Noise  - Less  than  1%  of  full  scale. 

Repeatability  ~ ± 1%  of  full  scale. 

, Zero  drift  - Less  than  ± 1%  of  full  scale  in  2 hours. 

Span  drift  - Less  than  ± 1%  of  full  scale  in  2 hours. 

|i  Linearity  - Linear  to  within  i 2%  of  full  scale  on  all  ranges, 

I Accuracy  - + 1%  of  full  scale  on  all  ranges. 


A2.3.3  Range  and  Accuracy 

Range  Accuracy 

0 to  10  ppm  ± 5Z  of  full  scale 

0 to  100  ppm  1 2%  of  full  scale 


A2.3.4  Sensitivity 

NO  sensitivity  (on  most  sensitive  range)  - 0.1  ppm 
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A3  SAMPtlNG  EQUlPtffiNt 


^•1  Sampling  Probe; 

A3. 1.1  P6slg>  Coneept:  The  eanpling  probe  shall  be  constructed 

so  that  Individual  satoples  may  be  vrithdrawn  at  various  locations  acrcMs  a 
diameter  of  the  plume.  Mixed  samples  are  not  permitted.  Either  a single- 
element  movable  probe  or  a multielement  rake  may  be  used. 


A3. 1.2  Probe  Material;  The  parts  of  the  probe  wetted  by  the 
sample  gas  shall  be  of  stainless  steel.  Other  materials  may  be  used  in  con- 
tact with  the  sample  gas  if  it  is  demonstrated  that  the  material  does  not 
alter  the  composition  of  the  sample. 


A3. 1.3  Probe  Temperatures;  The  sample  line  within  the  probe 
shall  be  maintained  at  a temperature  between  160  and  327^  F. 


A3. 2 Saff4)llng  Locations.  Both  radial  and  axial  sampling  locations 
depend  upon  the  size  of  the  engine.  In  order  to  arrive  at  a cotraon  dimen- 
sion • referred  to  the  particular  engine  to  be  tested » there  Is  herein  defined 
a noessle  exit  dlaaetert  and  all  sampling  locations  are  referred  to  this 
dimension.  The  noaale  exit  diameter  Is  for  the  maximum  engine  power  condition 
and  either  may  be  obtained  by  actual  taeasurement  or  may  be  calculated  from 
engine  operating  conditions.  The  calculated  nozzle  exit  diameter  is  obtained 
by  complete  expansion  of  the  total  engine  flow  to  ambient  pressure  at  the 
maximum  power  condition. 


A3. 2.1  Axial  Sampling  Station.  The  axial  sampling  plane  shall  be 
no  less  than  20  nor  more  than  25  nozzle  exit  diameters  from  the  nozzle  exit 
plane  as  shown  below.  At  this  sampling  plane,  there  shall  be  an  unobstructed 
area  at  least  four  nozzle  exit  diameters  In  radial  distance  about  the 
projected  engine  centerline.  (See  sketch  below.) 
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Wr  I 

A3, 2. 2 Radial  Sampling  Locations.  A minimum  of  11  sampling 
points  shall  be  uaad.  These  sailing  points  should  be  approximately  equally 
spaced  across  the  plume  diameter » with  one  sample  located  on  the  plume  center- 
line. tf  the  sampling  system  Is  such  that  the  sampling  points  cannot  lie 
in  a straight  line  (across  a dlwoeter) , then  a minimum  of  five  samples  shall 
be  taken  in  each  of  two  opposite  sampling  quadrants » with  one  sanple  taken  at 
the  plume  centerline. 

The  outermost  sampling  points  shall  be  at  least  four  but  no  more 
than  five  exit  nozzle  diameters  from  the  plume  centerline.  The  sample  at  the 
center  of  the  plume  shall  be  taken  at  a distance  no  greater  than  0.6  exit 
nozzle  diameters  from  the  true  projected  engine  centerline. 


A3. 3 Sample  Transfer.  The  sample  shall  be  transferred  from  the  probe 
to  the  analytical  instruments  through  a heated  sample  line  of  either  stain- 
less steel  or  Teflon  of  0.18  to  0.32»lnch  ID.  The  sample  line  shall  be 
maintained  at  a temperature  of  300  ± 27*  F. 

Sample  line  length  should  be  as  short  as  possible,  consistent  with  the 
test  setup.  Suitable  nencontamlnating  sa^le  pumps  are  required  to  maintain 
the  proper  sample  flow  rate  and  to  provide  adequate  sample  pressure  at  the 
Instruments.  The  total  sample  flow  rate  shall  be  such  that  the  sample  gas 
is  transported  from  the  probe  Inlet  to  the  analyzer  Inlet  In  less  than  10 
seconds. 


M.  EQUIPMENT  LAYOUT 

A schematic  diagram  of  the  emissions  measuring  system  Is  shovm  in 
Figure  Bl.  Additional  components  such  as  Instruments,  thermocouples,  valves, 
solenoids,  pumps,  and  switches  may  be  used  to  provide  additional  inforinatlon 
and  coordinate  the  functions  of  the  con^onent  systems.  Parallel  installation 
of  CO  and  CO2  analyzers  is  an  acceptable  alternative.  No  desiccants,  dryers, 
water  traps  or  related  equipment  may  be  used  to  treat  the  sample  flowing  to 
the  N0](  analyzer.  The  NO}[  instrument  configuration  must  be  such  that  water 
condensation  is  avoided  throughout  the  instrument. 
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Figure  Bl.  Sampling  System  Schematic 


A5.  INSTRUMENT  ROUTINES 


A5.1  NPIR  ln»tfua>ettt» i Following  the  Instruttent  manufacturer's  Instruc- 
tions for  startup  of  Instrufaenta,  the  following  alnlaun  requirements  shall  be 
adhered  to: 


AS. 1.1  Monthly  Routine: 

(1)  Check  detector  timing»  following  manufacturer's  prescribed 
routine. 

(2)  Set  instrument  zero  using  dry  nitrogen. 

(3)  Using  previous  gain  setting  check  calibration  curves  \»lng 
calibration  gas  with  nominal  concentrations  of  30,  60,  and 
9011  of  each  range  used.  Use  the  sane  gas  flow  rate  through 
Instruments  during  calibration  as  when  sampling  ekhauat . Any 
response  value  differing  from  the  previous  value  by  more  than 

1 31.  of  the  previous  value  at  the  same  gain  setting  may  reflect 
some  problem  In  the  instrument  system,  and  a thorough  Instru- 
ment check  should  be  made.  Confirm  or  reestablish  calibration 
curves  for  each  range • Log  gain  reading. 

(4)  Check  response  of  interference  gases  as  called  out  In  A2.1.4. 

If  unacceptable,  determine  cause  and  correct  — detector 
replacement  may  be  indicated. 

(5)  Prior  to  each  testing  period,  a check  of  the  instrument  zero 
and  span  drift,  repeatability  and  noise  level  shall  be  made 
on  the  most  sensitive  instrument  range  to  Insure  that  it 
conforms  with  the  Inetrument  performance  specifications. 


AS . 1 . 2 Daily  Routine; 

(1)  If  analyzer  power  Is  not  left  on  continuously,  allow  2 hours 
for  warmup.  (If  daily  use  is  anticipated,  it  is  recommended 
th.at  analyzer  be  left  on  continuously.) 

(2)  Replace  or  clean  filters. 

(3)  Check  system  for  leaks. 

(4)  Check  detector  tuning  and  record  reading.  If  the  reading 
changes  by  more  than  ± 3%  from  the  previous  value,  Instrument 
readjustment  is  indicated.  For  the  following  tests  the  temper- 
ature of  zero  and  span  gas  in  the  instrument  cells  shall  be 
within  ± 2*  C (±  3.6*  F)  of  typical  sample  gas  temperature 


288 


nt^ured  at  tha  outlat  o£  tha  aaspla  cell,  and  gaa  flow  rate 
thtou^  the  InetruMnta  snail  be  the  aaiue  for  aero  and  span 
gas  as  for  eaiaple  gas. 


(5)  Zero  the  instrument  on  dry  nitrogen.  If  there  la  a al^lflcant  i 

change  In  setting  of  Zero  control » determine  the  cause  and 

correct. 

(6)  Using  span  gas  to  give  75  to  90%  full-scale  deflection,  check 
the  reaponse  of  the  Inatrtuaent  on  each  range  ualng  the  gain 
setting  from  the  previous  use.  If  the  reading  differs  from 
the  previous  value  by  more  than  3%,  an  instrument  problem  may 

be  Indicated.  Qieck  and  correct  as  necessary.  If  instrument  > 

reading  la  within  ± 3%  of  previous  vslue,  adjust  gain  control 

to  produce  proper  instrument  output.  Log  gain  setting  at  j 

final  adjustment.  i 

(7)  Check  zero  with  dry  nitrogen  and  repeat  step  6 If  necessary.  ' 

(8)  Zero  and  span  shall  be  checked  before  and  after  each  test,  and 
at  approximately  one-hour  intervals  during  the  test. 


A5.2  Total  Hydrocarbon  Analyzer 
^•2*1  Initial  Allenment; 

AS. 2*1.1  Optimization  of  Detector  Beaponset 

<1)  Follow  manufacturer's  Instructions  for  Instrument  startup 
and  basic  operating  adjustment.  Fuel  shall  be  60%  helium, 
A0%  hydrogen  containing  leas  than  0.1  ppmC  hydrocarbon. 

Air  shall  be  "hydrocarbon-free"  grade  containing  less  than 
0.1  ppmC. 

(2)  Set  oven  temperature  at  160*  C ± 5®  C <320*  P ± 9®  F)  and 
allow  at  least  one-half  hour  after  oven  reaches  tempera- 
ture for  the  system  to  equilibrate.  The  temperature  Is 
to  be  maintained  at  set  point  ± 2*  C (±  3.6®  F) . 

(3)  Introduce  a mixture  of  propane  in  air  at  a propane  concen- 
tration of  about  SOO  ppmC.  Vary  the  fuel  flow  to  burner 
and  determine  the  peak  response.  A change  In  zero  may 
result  from  a change  in  fuel  flow;  therefore,  the  instru- 
ment zero  should  be  checked  at  each  fuel  flow  rate. 

Select  an  operating  flow  rate  that  will  give  near  maxi- 
mum reaponse  and  the  least  variation  In  response  with 
minor  fuel  flow  variations. 
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(4)  To  determine  the  optimum  airflow,  use  fuel  flow  setting 
determined  above  and  vary  airflow.  A typical  curve  ^or 
response  versus  airflow  Is  shown  below: 


After  the  optimum  flow  settings  have  been  determined,  these 
flows  are  to  be  measured  and  recorded  for  future  reference. 


A5.2.1.2  Oxygen  Effect;  Check  the  response  of  the  detector 
with  varied  concentrations  of  oxygen  in  the  sample  following  steps  outlined 
below;  this  test  shall  be  made  with  oven  temperature  at  the  set  point  and 
with  gas  flow  to  the  detector  at  optimum  conditions,  as  determined  in 
A5.2.1.1. 


(1)  Introduce  nitrogen  (N2)  zero  gas  and  zero  analyzer; 
check  zero  using  hydrocarbon- f ree  air;  the  zero  should 
be  the  same. 

(2)  The  following  blends  of  propane  shall  be  used  to  deter- 
mine the  effect  of  oxygen  (O2)  in  the  sample: 

Propane  In  N2 

Propane  in  90%  N2  + 10%  O2 

Propane  in  air 

The  volume  concentration  of  ^jiupane  In  the  mixture  reach- 
ing the  detector  should  be  ; bout  500  ppmC,  and  the  con- 
centration of  both  the  O2  and  hydrocarbon  should  be  known 
within  i 1%  of  the  absolute  value.  The  zero  should  be 
checked  after  each  mixture  is  measured.  If  the  zero  has 
changed,  then  the  test  shall  be  repeated. 
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The  response  to  propane  in  air  shall  not  differ  by  more 
than  3%  from  the  response  to  propane  in  the  XQ%-Q2l9Q%-^2 
mixture,  nor  differ  by  sore  than  5%  from  the  response  to 
propane  In  nitrogen. 

If  these  specifications  cannot  be  met  by  changing  the 
sample  flow  rate  or  burner  parr*^ters,  such  as  airflow 
and/or  fuel  flow  rate,  It  is  recommended  that  the  detec- 
tor be  replaced. 


AS . 2 . 1 . 3 Linearity  and  Relative  Response; 

(1)  With  ana’yzer  optimized  per  AS. 2. 1,1,  the  instrument 
linearity  shall  be  checked  for  the  range  0 t-t  100  and 

0 to  500  ppmC  in  air  at  nominal  concentrations  of  50  and 
95%  full  scale  of  each  range.  The  deviation  of  a bast 
fit  curve  from  a least-squares  best-fit  straigjit  line 
should  not  exceed  2%  of  the  value  at  any  point.  If  this 
specification  is  met,  concentration  values  may  be  calcu- 
lated by  use  of  a single  calibration  factor.  If  the 
deviation  exceeds  2%  at  any  point,  concentration  values 
shall  be  read  from  a calibration  curve  prepared  during 
this  aligament  procedure. 

(2)  A comparison  of  response  to  the  different  classes  of 
compounds  shall  be  made  using  (individually)  propylene, 
toluene,  and  tv-hexane,  each  at  20  to  50  ppoC  concentra- 
tion in  nitrogen.  If  the  response  to  any  one  differs  by 
more  than  5%  from  the  average  of  the  three,  check  instru- 
ment operating  paratoeters.  Reducing  sample  flow  rate 
improves  uniformity  of  response. 


A5.2.2  Routine  At  Three-Montb  Intervals;  These  checks  are  to  be 
made  at  three-month  intervals  or  more  frequently  should  there  by  any  question 
regarding  the  accuracy  of  the  hydrocarbon  measurements: 

(1)  Check  for  and  correct  any  leaks  In  system. 

(2)  Check  and  optimize  burner  flows  (air,  fuel,  and  sample)  as 
required  by  criteria  of  AS .2.1.1. 

(3)  Check  O2  effect  as  outlined  in  A5.2.1.2. 

(4)  Check  response  of  propylene,  toluene,  and  n^-hexane  as  outlined 
in  A5.2.1.3. 

(5)  Check  linearity  as  outlined  in  A5.2.1.3. 
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(6)  Prior  to  each  testing  period,  a check  of  the  Instrument  zero 
and  span  drift,  repeatability,  and  noise  level  shall  be  made 
on  the  most  sensitive  inatrument  range  to  insure  that  it  con- 
forms with  the  instrument  performance  speclflcatlonB.  Zero 
Instability  may  be  caused  by  HC  condensation  in  the  Zero  gas 
cylinder.  A molecular  sieve  trap  has  been  found  effective  Jn 
removing  HC  from  the  zero  gas. 


A5.2.3  bally  Routine 

(1)  Clean  or  replace  filters. 

(2)  Check  instrument  for  leaks. 

(3)  Check  instrument  temperatures. 

(4)  Ascertain  that  all  flows  to  detector  are  correct. 

(5)  Check  zero  with  zero  gas. 

(6)  The  response  using  blends  of  propane  in  air  shall  be  checked 
V.*’  each  range; 


For  range 


Use 


0 to  10  pptnC 
0 to  100  ppmC 
0 to  500  ppmC 


7 to  10  ppmC  propane  in  air 
70  to  100  ppmC  propane  in  air 
350  to  500  ppmC  propane  in  air 


If  the  response  differs  from  the  last  previous  check  value  by  more 
than  3%  of  the  value  logged  during  the  last  prior  day's  use,  an 
instrument  problem  may  be  indicated. 


A zero  and  span  gas  check  shall  be  made  before  and  after  each  test 
and  at  approximately  one-hour  intervals  during  the  test.  If  the 
cumulative  changes  exceed  3%  during  the  day,  an  instrument  problem 
may  be  indicated. 


i\5.3  Chemiluminescence  Analyzer;  Follow  the  instrument  manufacturer's 
instructions  for  startup  of  Instrument. 
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A5.3.1  Thermal  Converter  Efficiency  Qieck*.  Chech  the  NOjj  to  NO 
converter  efficiency  by  the  Collowlnt;  procednre.  Use  the  ajjparatus  descrlbi'd 
and  illustrated  belows 


NOjj  Converter  Sfflcioncy  Detector 


(a)  Attach  the  NO/N2  supply  (75-100  ppm)  at  C2,  the  O2  supply  at 
Cj^,  and  the  analyzer  Inlet  connection  to  the  efficiency 
detector  at  C-j.  If  lower  concentrations  of  NO  are  used,  air 
may  be  used  in  place  of  Op  to  facilitate  better  control  of 
the  NO2  generated  during  step  (d) . 

(b)  With  the  efficiency  detector  variac  off,  place  the  NO^  con- 
verter in  bypass  mode  and  close  valve  V3,  Open  valve  MV2 
until  sufficient  flow  and  stable  readings  are  obtained  at  tlie 
analyzer.  Zero  and  span  the  analyzer  output  to  indicate  the 
value  of  the  NO  concentration  being  used.  Record  this  concen- 
tration . 

(c)  Open  valve  V3  (on /off  flow  control  solenoid  valve  frr  O2)  and 
adjust  valve  MVl  (O2  supply  matering  valve)  to  blend  enough 
O2  to  lower  the  NO  concentration  (b)  about  10%.  Record  this 
concentration. 


(d)  Turn  on  the  ozonator  and  increase  its  supply  voltage  until 
the  NO  concentration  of  (c)  is  reduced  to  about  20%  of  (b) . 

NO2  is  now  being  fortoed  from  the  N0f03  reaction.  There  must 
always  be  at  lease  10%  un reacted  NO  at  this  point.  Record 
this  concentration. 

(e)  When  a stable  reading  has  been  obtained  from  (d) , place  th« 

NOy^  converter  in  the  convert  mode.  The  analyzer  will  now 
Indicate  the  total  NO^  concentration.  Record  this  concentra- 
Lion. 

(f)  Turn  off  the  ozonator  and  allow  the  analyzer  reading  to 
stabilize.  The  mixture  N0f02  is  still  passing  through  the 
converter.  This  reading  Is  the  tota]  NO^  concentration  of 
the  dilute  NO  span  gas  used  at  step  (c).  Record  this  concen- 
tration . 

(g)  Close  valve  V3.  The  NO  concentration  shou3d  be  equal  to  or 
greater  than  the  reading  of  (d)  indicating  whether  the  NO 
contains  any  NO2 . 

Calculate  the  efficiency  of  the  NO^  converter  by  substituting 
the  concentrations  obtained  during  the  test  into  the  follcwlng 
equation . 

% Eff.  » \ ^ 100"^ 

The  efficiency  of  the  converter  should  be  greater  than  90 
percent.  Adjusting  the  converter  temperature  may  be  needed  to 
maximize  the  efficiency. 

(h)  If  the  converter  efficiency  is  not  greater  than  90  percent,  the 
cause  of  the  inefficiency  shall  be  determined  and  corrected 
before  the  Instrument  is  used. 

(i)  The  converter  efficiency  shall  be  checked  at  least  monthly. 


(3)  Calibrate  the  NO^  analyzer  with  nitric  oxide  (nitrogen  diluent) 
gases  having  nominal  concentrations  of  50  and  95%  of  full 
scale  on  each  range  used.  Use  the  same  gas  flow  rate  through 
the  instrument  during  calibration  as  when  sampling  exhaust. 

Log  zero  and  gain  settings. 


294 


(4)  ?rlot  to  each  testing  perlod»  a cheek  of  the  Instrunent  zero 
and  span  drift,  repeatability,  and  noise  level  shall  be  made 
on  the  most  sensitive  instruttent  range  to  insure  that  it 
conforms  with  the  Instrument  performance  specifications. 


i^.3 

.3  Dally  Routine 

(1) 

If  analyzer  power  is  not  left  on  continuously,  allow 
hours  for  warmup. 

two 

(2) 

Glean  or  replace  filters. 

O) 

Check  system  for  leaks. 

(4) 

Ascertain  that  flow  to  detector  is  correct. 

<5> 

Check  zero  with  zero-grade  nitrogen. 

(6) 

Zero  and  span  shall  be  checked  before  and  after  each  test 
and  also  at  approximately  one-hour  intervals  during  the  test 

A6.  REFERENCE  GASES 

A6.1  Mixture  Composition;  Reference  gases  for  carbon  monoxide  and 
carbon  dioxide  shall  be  prepared  using  nitrogen  as  the  diluent.  They  may 
be  blended  singly  or  as  dual  component  mixtures.  Nitric  oxide  reference  gas 
shall  be  blended  in  nitrogen.  Hydrocarbon  reference  gas  shall  be  propane 
in  air.  Zero  gas  shall  be  nitrogen,  or  optionally  high  purity  air  as 
specified  in  A6.A. 


A6.2  Calibration  Gases;  Calibration  gases  shall  be  certified  by  the 
vendor  as  accurate  within  ± II? . 


A6.3  Span  Gases;  Span  gases  shall  be  supplied  by  the  vendor  to  a 
stated  accuracy  within  i 2%. 


A6.A  Zero  Gas;  Nitrogen  zero  gas  shall  be  minimum  99.998%  N2  with  less 
than  1 ppm  CO.  This  gas  shall  be  used  to  zero  the  CO,  CO2  and  NO  atalyzer. 

Zero-grade  air  shall  not  exceed  0.1  ppm  hydrocarbon.  This  gas  shall 
be  used  to  zero  the  HC  analyzer.  Zero-grade  air  Includes  artificial  air 
consisting  of  a blend  of  N2  and  O2  with  O2  concentration  between  18  and  21 
mole  percent. 
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A7.  TEST  PROCEDURE 


A7.1  Tast  Layouts  Sat  up  anginal  ampling  aqulptaant,  and  analysis 
equipment  aa  specified  In  Sections  A3  and  A4. 


47. 2 Fuel!  The  fuel  used  shall  be  as  specified  by  the  engine  rnanu- 
faeturer.  The  carbon-to=hydrogen  ratio  shall  be  determined;  this  parameter 
is  requited  in  the  calculation  of  results  (Section  A9) . The  emissions  ^evels 
determined  by  this  procedure  may  be  a function  of  the  type  of  fuel  used,  and, 
therefore,  the  type  of  fuel  shall  be  Included  as  an  Integral  part  of  the  test 
data,  as  specified  In  Section  A8. 


A7 . 3 Ambient  Conditions 

A?. 3.1  Ambient  Temperature.  Pressure,  and  Humidity.  Changes  In 
ambient  teatperature,  pressure,  and  hutnldity  can  cause  changes  in  emissions 
levels  both  through  direct  changes  in  combustor  conditions  and  throu^ 
changes  in  engine  operating  parameters.  Since  generally  accepted  methods  are 
not  currently  available  for  correcting  test  data  to  standard  conditions, 
extremes  of  auibient  conditions  should  be  avoided.  Aiablent  temperature,  pres- 
sure, and  humidity  shall  be  measured  for  the  test  record  (Section  A8) , but 
these  data  are  not  required  for  calculation  purposes. 

A7.3.2  Wind  Velocity  and  Direction,  the  wind  velocity  and  direc- 
tion shall  be  recorded,  and  the  crosswind  and  tailwind  components  shall  be 
calculated.  The  erosswind  velocity  cosq>onent  shall  not  exceed  5 mph  during 
the  test.  The  tailwind  component  shall  not  exceed  1 mph. 

A7.3.3  Ambient  Air  Composition.  Unusually  high  concentrations 
of  CO,  HC,  and  CO2  in  the  ambient  air  should  be  avoided  since  hi^  values 
can  adversely  effect  data  accuracy.  For  comparison  purposes,  standard  air 
contains  300  ppm  CO2,  and  the  EPA  ambient  air  quality  standards  are  9 ppm, 
0.24  ppm,  and  0.05  ppm  for  CO,  HC,  and  NO2  respectively.  Unusually  high 
concentrations  may  indicate  abnormal  conditions  such  as  exhaust  gas  reinges- 
tlon,  fuel  spillage t or  additional  sources  of  these  emissions  in  the  test 
area.  It  is  suggested  that  an  ambient  air  sample  be  obtained  with  the  engine 
running  before  obtaining  emissions  data  at  each  power  setting. 


A7.4  Instrument  Calibration.  Calibrate  e^diaust  analysis  Instruments 
before  and  after  each  test  period  using  dally  procedures  given  in  Section 
A5. 
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A7. 5 Test  Sequenee 

(a)  Start  engine  and  adjust  to  desired  power  setting,  allow 
adequate  time  Cor  stabilization. 

(b)  Measure  concentrations  of  CO,  COj,  HC,  NO,  and  NOjj  at  11 
radial  sampling  locations  as  specified  In  Section  A3. 2. 2. 

(c)  The  engine  may  then  be  stabilized  at  another  power  setting 
and  measurements  made  as  in  (b)  above.  Repeat  until  test 
series  is  complete. 

A8  MINIMUM  INFORMATION  TO  BE  RECORDED. 

The  £oLlov/lng  information,  as  applicable,  shall  form  a part  of  the 
permanent  record  for  each  test. 

A8. 1 General i 

(a)  Facility  performing  test  and  location. 

(b)  Individual  responsllsle  for  conduct  of  test. 

(c)  Test  number,  reading  number,  etc. 

(d)  Date. 

(e)  Time. 

(f)  Fuel  type,  fuel  specification,  additives,  H/C  ratio  and 
method  of  determination. 

(g)  Ambient  Conditions:  temperature,  pressure,  humidity, 

wind  velocity,  and  direction, 

(h)  Engine  mounting  position  and  height . 

(1)  Test  procedure  designation. 

(j)  Exceptions,  if  any,  to  this  procedure. 

A8. 2 Engine  Description 

(a)  Manufa.turer 

(b)  Model  number,  serial  number 
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(c)  Time  since  overhaul  and  ether  pertinent  malntenanee 
Information, 

(d)  Nozzle  exit  diameter  (per  Section  A3. 2)  and  method  of 
determination. 

A8 . 3 Engine  Operating  Data : 

(a)  Nominal  power  settings  throttle  angle. 

(b)  Rotational,  speed:  Nj^*  N2. 

(c)  Fuel  flow  (main  engine  and  afterburner) . 

(d)  Airflow  and  method  of  determination. 

(e)  Compressor  discharge  temperature  and  method  of  determination. 

(f)  Compressor  discharge  pressure  or  EPR. 

(g)  Exhaust  nozzle  position. 

(h)  Ihrust. 

A8. 4 Exhaust  Sampling  Data*. 

(a)  Axial  sampling  location. 

(b)  Radial  sampling  location  (distance  from  projected  engine 
centerline) , 

(c)  Concentrations  of  CC,  CO2,  HC,  NO,  and  NOj^  at  each  sampling 
location. 

(d)  Sample  line  temperature. 

(e)  Probe  coolant  temperature. 
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A9  CALCULATION  OF  RESULTS 


A9.1  General  Caleulatlona  Procadure.  Calculation  of  results  Involves 
the  following  steps: 

(a)  Correction  of  Measured  concentrations  to  actual  or  wet 
concentrations  of  C0»  CO2,  HC,  NO,  and  NOjj. 

(b)  Calculation  of  the  slope  of  a linear  fit,  by  the  method  of 
least  squares,  of  the  concentration  of  each  pollutant  plotted 
against  the  concentration  of  CO2. 

(c)  Calculation  of  emission  Indices  tlb  per  1000  lb  of  fuel) 
for  CO,  HC,  NO,  and  NO^  from  the  slopes  found  In  (b)  above. 

(d)  Calculation  of  emission  flow  rate  (lb  per  hr)  from  emission 
Indices  found  in  (c)  above  and  the  total  engine  fuel  flow 
rate. 


A9*2  Symbols 

(CO)  * Actual  (wet)  concentration  of  CO  in  exhaust,  ppm. 

(CO2)  “ Actual  (wet)  concentration  of  CO2  In  e:d:aust,  %. 

(HC)  = Actual  (wet)  concentration  of  hydrocarbon  in  exhaust, 
expressed  as  ppm  eqtii valent  methane. 

(NO)  = Actual  (wet)  concentration  of  NO  in  eiidiaust,  ppm. 

(NOjj)  » Actual  (wet)  concentration  of  NOjj  in  erfiaust,  ppm. 

(CO)^,  (C02)jj,  etc.  - Dry  concentration  of  CO,  CO2 , etc, 

(C0)j,d»  (f^02^sd‘  “ Send-dty  (0.602%  moisture)  concentrations 

of  CO,  CO2,  etc. 

a,  b - Constants  in  linear  curve  fit  relationship. 

y,  X = Variables  in  linear  curve  fit  relationship; 

y represents  pollutant  concentrations  (wet)  in  ppm; 

X represents  CO2  concentration  (wet)  in  %. 

* Actual  (wet)  concentration  of  pollutant  (Yj^)  and  CO2  (X^) 
at  each  sampling  point. 

ra  = Total  number  of  sampling  points  (i  - 1 to  m). 

r ■=  Correlation  coefficient. 
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WFE  Total  engine  (malnbuxner  plus  afterburner)  fuel  flow  rate, 
lb  per  hr. 

Elg  Emission  index  of  pollutant  Z,  lb  per  1000  lb  fuel 

VIj,  - End-ssion  flow  rate  of  pollutant  Z,  lb  per  hour 

n 8 hydrogen  to  carbon  atondc  ratio  of  fuel 

Kjj  e Correction  factor  for  water  of  combustion 

Ky  a Correction  factor  for  water  of  combustion  and  water  vapor 

in  the  inlet  air 

h = Water  content  (humidity)  of  inlet  air  (%  by  volume) 
tic  ^ Atomic  wei^t  of  carbon 
» Atomic  weight  of  hydrogen 
0 Standard  deviation  of  y variable 

y 

Oq  » Standard  deviation  of  a 
0^  » Standard  deviation  of  b 


A9.3  Correction  for  Moisture.  All  measured  concentrations  shall  be 
corrected  for  moisture,  as  required,  in  order  to  form  a consistent  basis  for 
further  calculations.  The  calculation  procedure  presented  here  is  for  con- 
version  to  actual  or  wet  concentration,  although  any  reference  moisture  level 
may  be  used  as  long  as  it  Is  consistent  for  all  species  in  an  equation. 

The  correction  factor  Kj  corrects  measured  concentrations  for  water 
of  combustion.  The  factor  corrects  measured  concentrations  for  water  of 
combustion  and  for  moisture  in  the  inlet  air.  The  values  of  Kj  and  Ky  depend 
on  the  moisture  removal  devices  in  the  analysis  system.  Note  that  no  moisture 
removal  device  is  permitted  in  the  NO^  or  HC  analyzer  sample  lines  so  that 
HC  and  NOjj  are  always  measured  on  a wet  basis.  If  an  ice  trap  (32*  F)  Is 
used  to  partially  dry  the  CO  and  CO2  analyzer  samples,  then  the  CO  and  CO2 
samples  are  semidry  and  contain  0.602%  moisture.  Factors  for  converting  CO 
and  CO2  concentrations  to  appropriate  wet  values  are; 


+ (COp)^^)  (Bl) 
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100  4-  1,006  n 
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'(CO) 
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1.006  (CO) 
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where  (CO)^^  and  (C02)g^  are  the  aeasured  aead-dry  concentratlona.  then, 
Ceacentretlon  (wet)  ■ x 1.006  x Concentration  (aetei-dey) . 


A9.4  Calculation  o£  the  Slope  of  EaiisslonB  va.  COa  by  the  Method 
of  Leant  Squarea 


At  a given  engine  power  setting,  the  linearity  of  CO,  MC,  NO,  and 
N0](  with  respect  to  CO2  shall  be  detenoined,  by  analysis  of  the  aeasurenenta 
collected  at  the  various  probe  saB^llng  locations,  in  the  following  manner. 

(a)  Using  the  method  of  least  squares,  a polynoadnal  of  the  form: 

y - a + b X (B3) 

shall  be  fitted  to  each  pollutant  (CO,  HC,  NO,  N0j() , In  turn, 
where  y represents  the  wet  concentration  (ppm)  of  the  pollu- 
tant being  analyzed,  and  x la  the  wet  concentration  (X)  of 
CO2.  the  constants  a and  b are  determined  by  the  well-kncwn 
least  square  relationships  (Reference  45) : 

EX.KX.Y.-IY.EX.^ 

a « — 1— i-f-  (B4) 

(EX^)  « aEX^ 

EX.EY,  - tnlX.Y. 

b = y.  (B5) 

(EX^)  - mlX^ 


Xi  and  Yj^  represent  the  concentrations  of  X and  Y at  the  1th  san^- 
ling  location  of  the  particular  test  point,  and  the  summations  are  over  the 
total  number  (m)  of  sampling  locations  at  which  gas  samples  were  extracted. 

The  slope,  b,  of  the  linear  fit  is  proportional  to  the  emission 
Index.  The  Intercepts  are  related  to  the  anblent  concentrations.  Note  that 
the  Y Intercept,  a,  should  be  no  greater  than  the  ambient  pollutant  level, 
and  the  x Intercept,  - a/b,  should  be  no  greater  than  the  ambient  CO2  level. 
Ambient  level  Is  taken  to  be  concentrations  in  the  local  air  with  which  the 
engine  exhaust  mixes. 
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(b)  The  appropriateneM  of  the  linear  fit  of  each  eonatltuent 
veraua  CO2  ahall  be  date  rad.  tied  by  ealculatlon  of  the  correlation  eoeffleient 
(r)  for  each  eonitltuent,  defined  by  the  equation  (Reference  45): 

“^Vl  “ ^*1^1 


/{mExJ  - (rx^)^HfBETj-(rY^)^] 


Values  of  r near  1.00  Indicate  good  data  consistency  over  the  plinae 
dlaneter,  that  pluaie  reactions  have  ceased^  ard  that  plusei  atlxlng  is  complete. 
If  the  slope t b,  Is  greater  than  about  10,  thtn  r should  be  greater  than 
0.99  If  neasureaemts  are  carefully  made.  For  smaller  values  of  b,  r Is 
Influenced  by  Instruiaent  sensitivity,  and  lo«  values  may  result. 

Low  values  of  r may  be  an  Indication  that  plume  reactions  are  not 
complete.  If  b is  greater  than  10  and  r la  less  than  0.95,  the  aeasurenenta 
shall  be  repeated  at  a sampling  station  farther  downstream  from  the  engine. 

The  new  sampling  station  shall  be  at  a dietance  from  the  engine  exhauat  plane 
1.3  to  1.4  tliaea  the  distance  of  the  previous  measurements. 

(c)  The  following  standard  deviations  shall  be  computed  and 
reported  for  each  pollutant  as  a statistical  measure  of  the  degree  of  error 
associated  with  each  tern  in  the  curve  fit  (Reference  46) t 

/x(Y,  - a-bX.)^ 

^ J . 1 A __  /«  «*V 


^V(m-l)lttJCX^^  - (rxp^j 


A9 .5  Calculation  of  the  Emission  Indices  of  CO.  HC.  NO.  NOy 

The  emissions  indices  (lb/1000  lb  fuel)  of  CO,  HC,  NO  and  NOj^  at 
a given  test  condition  shall  be  determined  from  the  values  of  b (Section 
A9.4a,  Equation  83}  obtained  for  each  pollutant  using  the  following 
equations : 


. „ 2.601  (°C0) 

CO  (Me  + nMH)  A ^ ^co 


(BIO) 
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A9.6  Calculation  oi  Eaigsiong  Flow  Rateg  fot  CX).  HC.  MO.  MO» 

the  emlsalona  flow  tatea  <lb/hf)  of  CO,  HC,  HO,  MO  ahall  ba 
detetalned  ftoa  the  equation: 

Wj  - .001  (Elj)  (Wre)  (B14) 

where  z repteaenta  CO,  HC,  MO,  and  MO,^. 
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PART  B.  NEAR  PLUME  METHOD  (EEASUREMENT  PROCEDURE  FOR  SAIffLlNG  AT 
NOZZLE  EXtT  PLANE) 


Bl.  DEFINITIONS 

Bl.l  Aircraft  Gaa  Turbine  Engine?  A turboprop,  turbofan,  or 
turbojet  aircraft  engine. 

B1.2  Engine  Exhaust t Flow  of  laaterlal  from  an  engine  as  a result 

of  the  coffibustlon  of  fuel  and  oxidizer. 

B1.3  Exhaust  Emissions;  Substances  ejected  Into  the  atmosphere 

from  the  exhaust  discharge  nozzle  of  an  aircraft  engine. 

B1.4  Particulates i Solid  exhaust  emissions. 

Bl.S  Smoke i Matter  in  exhaust  emissions  which  obscures  light 

transmission. 

Bl.6  Augmentort  A device  or  method  used  to  obtain  thrust  in 

addition  to  that  provided  by  normal  operation  of  the  main 
engine. 

B1.7  Afterburning  Gas  Turbine  Engine!  A gas  turbine  engine  in 
which  thrust  augmentation  is  provided  by  injection  and 
combustion  of  additional  fuel  In  an  afterburner.  The  after- 
burner is  located  between  the  turbine  and  the  exhaust  nozzle. 

The  term  "afterburner"  generally  applies  to  a turbojec  engine. 

If  the  engine  is  a turbofan  type,  thrust  augmentation  may  be 
obtained  by  burning  in  the  fan  stream  (fanburner  or  ductburner) 
or  in  the  combined  core  stream  and  fan  stream  (mixed-flow 
augmentor) . 

Bl.S  Pollutant:  Objectionable  exhaust  emission. 

Bl.9  Plume;  Total  external  engine  exhaust  including  ambient 

air  with  which  the  exhaust  mixes. 

Bl.lO  Total  Hydrocarbons  (abbreviated  HC):  The  total  o',  hydrocarbons 

of  all  classes  and  molecular  weights  in  the  engine  exhaust. 

Bl.ll  Oxides  of  Nitrogen  (abbreviated  NOy) : The  total  of  oxides  of 

nitrogen  in  the  engine  exhaust.  The  total  value  is  calcu- 
lated as  equivalent  NO2. 

B1.12  Flame  Ionization  Detector;  A hydrogen-air  diffusion  flame 

detector  that  produces  a signal  nominally  proportional  to  the 
mass  flow  rate  of  hydrocarbons  entering  the  flame  per  unit  of 
time,  generally  assumed  responsive  to  the  number  of  carbon  atoms 
entering  the  flame. 
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Bl. 13  Nondlapayslve  Infgayed  Analyaer:  An  Inatyiownt  that  selectively 

measures  speeifle  eostpeaents  by  absorption  o£  infrared  energy. 

Bl.  14  Ghemiliminea pence  Analyse rs  An  instriment  in  which  the  in*' 
t^sity  of  light  produced  by  the  ehemlluminescence  of  the 
reaction  of  nitric  oxide  with  orone  Is  proportional  to  the 
concentration  of  nitric  oxide.  Conversion  of  MO2  to  NO  prior 
to  entering  the  analyzer  permits  the  determination  of  both 
species. 

Bl. 15  Interference t Instrument  response  due  to  components  other 
than  the  gas  that  Is  to  be  measured. 

Bl. 16  Calibrating  Gas;  Gas  of  known  concentration  used  to  establish 
instrument  response. 

Bl.  17  Span  Gas;  A calibrating  gas  used  routinely  to  check  Instru*- 
ment  response. 

Bl. 18  Zero  Gas:  A calibrating  gas  used  routinely  to  cheek  Inatru- 

ment  zero. 

Bl. 19  Concentration ; The  volume  fraction  of  the  component  of 

Interest  in  the  gas  mixture,  expressed  as  volume  percentage 
or  as  parts  per  million. 


B2.  ANALYSIS  EQUIPMENT 

B2.1  NDIR  Instruments;  Nondlspersive  infrared  (NDIR)  analyzers 

shall  be  used  for  the  continuous  monitoring  of  carbon  monoxide 
(CO)  and  carbon  dioxide  (CO2)  in  the  turbine  exhaust. 

The  NDIR  instruments  operate  on  the  principle  of  differential  energy 
absorption  from  parallel  beams  of  Infrared  energy.  The  energy  is  transmitted 
to  a differential  detector  through  parallel  cells,  one  containing  a reference 
gas,  and  the  other,  sample  gas.  The  detector,  charged  with  the  component  to 
be  measured,  transduces  the  optical  signal  to  an  electric  signal.  The  elec- 
trical signal  thus  generated  Is  amplified  and  continuously  recorded. 


B2.1.1  Instrument  Performance  Specifications; 

Response  lime  (electrical)  - 90%  full  scale  response  in  0.5  second 
or  less. 

Zero  Drift  - Less  than  ± IX  of  full  scale  in  2 hours  on  most  sensi- 
tive range. 

Span  Drift  - Less  than  ± IX  of  full  scale  in  2 hours  on  most  sensi- 
tive range. 

Repeatability  - Within  ± l.OX  of  full  scale. 
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Noi«te  • li€S8  than  t l.OZ  of  full  seals  on  most  sensitive  range. 
Sample  Cell  temperature  - Minimum  SO*  C (122*  F)  maintained  within 
± 2*  C (3.6*  F). 

B2.1.2  Range  and  Accuraev 

Range  Accuracy  Excluding  Interferences 


Carbon 

0 

to 

100  ppn 

± 

2% 

of 

full 

scale 

Monoxide 

0 

to 

SCO  ppm 

± 

1% 

of 

full 

scale 

0 

to 

2,500  ppia 

± 

1% 

of 

full 

scale 

0 

to 

20,000  ppm 

± 

1% 

of 

full 

scale 

Carbon 

0 

to 

22 

± 

1% 

of 

full 

scale 

Dioxide 

0 

to 

5% 

t 

1% 

of 

full 

scale 

0 

to 

15% 

t 

12 

of 

full 

scale 

B2.1.3  KplR  Cells;  All  HDIR  Instruments  shall  be  equipped  with 
cells  of  suitable  length  to  measure  concentrations  within  the  above  ranges  to 
the  Indicated  accuracy.  Range  changes  may  be  accomplished  by  use  of  stacked 
sample  cells  and/or  changes  In  the  electronic  circuitry. 


B2.1.4  Interferences;  Interferences  from  water  vapor,  carbon 
dioxide,  and  carbon  taonoxlde  shall  be  determined  on  the  most  sensitive  Instru- 
ment range.  Response  of  CO  Instruments  shall  be  less  than  5X  of  full  scale 
for  2.5%  CO2,  or  4%  water  vapor.  Optical  filters  are  the  preferred  method 
of  discrimination.  In  some  cases  a cold  trap  or  drying  agent  may  be  necessary 
to  reduce  water  content  balow  the  level  at  which  Its  Interference  Is  accept- 
able. 


B2.2  Total  Hydrocarbon  Analyzer;  The  measurement  of  total  hydrocarbon 
Is  made  by  an  analyzer  using  a flame  Ionization  detector  (FID) . With  this 
type  detector  an  Ionization  current,  proportional  to  the  mass  rate  of  hydro- 
carbon  entering  a hydrogen  flame  Is  established  between  two  electrodes.  This 
Ionization  current  Is  measured  using  an  electrometer  amplifier  and  Is  con- 
tinuously recorded. 


B2.2.1  General  Design  Specifications;  The  analyzer  shall  be  fitted 
with  a constant  temperature  oven  housing  the  detector  and  sample-handling  com- 
ponents. It  shall  maintain  temperature  within  ± 2*  C of  the  set  point,  which 
shall  be  within  the  range  15S  tc  165*  C (311-329°  F) . 

The  detector  and  sample  handling  components  shall  be  suitable  for  con- 
tinuous operation  at  temperatures  to  200”  C (392*  F) . 
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B2.2.2  Instruoiant  Perfogmanea  Speelf icatloiui : 


Response  Tins  (slsecrlcal)  - 90%  of  full  seals  In  0.5  aseond  or  less. 
Nolss  " Leas  than  ± 1.0%  of  full  seals  on  noat  ssssltlvs  rmgs. 
Rspsstablllty  - Within  ± 1.0%  of  full  seals. 

%sro  Drift  - Less  than  ± 1%  of  full  seals  In  4 hours  on  all  ranges. 
Span  Drift  Less  than  ± 1%  of  full  scale  In  2 hours. 

Linearity  - Response  with  propane  In  air  shall  be  linear  within 
± 2%  over  the  range  of  0 to  2»000  ppaC. 


B2.2.3  Range  and  Accuracy 


0 to  10  ppaC: 

0 to  100  ppmC: 

0 to  1,000  ppiaC: 

0 to  10,000  ppmC: 


Accuracy 

t 5%  of  full  scale  with  propane 
calibration  gas. 

1 2%  of  full  scale  with  propane 
calibration  gaa. 

± 1%  of  full  scale  with  propane 
calibration  gaa. 

± 1%  of  full  scale  with  propane 
calibration  gaa. 


R2.3  ChesAluainescence  Anttlyrer 

B2.3.1  General  Instrument  Descrintiont  A eheailuaineseence 


analyser  with  thermal  converter  shall  be  used  for  measuring  nitric  oxide  (HO) 
and  total  oxides  of  nitrogen  The  chealluadnescence  method  utilises 

the  principle  that  NO  reacts  with  osone  (O3)  to  give  nitrogen  dioxide  (NO2) 
and  oxygen  (02).  Approximately  10  percent  of  the  NO2  is  electronically 
excited.  The  transition  of  excited  NO2  to  the  ground  state  yields  a light 
enisslon  (600*>2»00  nanometer  region)  at  low  pressures.  Tha  detectable  region 
of  this  emission  depends  on  the  PM- tube/ optical  filter  balr>g  used  In  the 
detector.  The  intensity  of  this  emission  Is  proportional  to  the  mass  flow 
rate  of  HO  Into  the  reactor.  The  light  emlsalon  can  be  neaaured  utilising  a 
photoaultlpUer  tube  and  associated  electronlca. 


Tiie  method  also  utilises  the  principle  chat  MO2  thermally  decomposes  to 
NO  (2H<)2  2H0  -f  O2).  A thermal  converter  unit  designed  Ij  provide  essentially 

eomplece  conversion  of  NO2  to  NO  is  Included  as  a part  of  tha  chemiluminescence 
analyser  package.  If  the  sample  Is  passed  through  the  converter  prior  to 
entering  the  chemiluminescence  analyzer,  an  reading  (NO  •¥  NO2)  la  obtained. 
If  the  converter  is  bjrpm.  dd,  only  the  NO  portion  la  iadleated. 
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B2.3.2  Inatguaent  PegfogBMiee  Specifications 


Response  tlnte  (electrical)  » 90%  oH  full  scale  In  0.3  second  or  less. 
Noise  “ Leas  than  1%  of  full  scale. 

Hepeatabllity  - ± 1%  of  full  eeale. 

Zero  drift  • Less  than  ± 1%  of  full  scale  In  2 hours. 

Span  drift  - Less  than  t 1%  of  full  scale  in  2 hours. 

Linearity  - Linear  to  within  ± 2%  of  full  scale  on  all  ranges. 
Accuracy  ± 1%  of  full  scale  on  all  ranges. 


B3.  SAMPLING  EQUIPMENT 

B- • 1 Sampling  Probe: 

B3.1.1  Design  Concepts  Local  exhaust  gas  temperature  at  the  nozzle 
exit  plane  of  afterburning  engines  may  be  as  high  as  3500*  F with  correspond- 
ing total  pressures  30  to  40  psla.  Extremely  careful  design  of  the  probe 
coolant  passages  Is  required  to  remove  the  heat  resulting  from  Impingeiaent  of 
the  hoc  gases  on  the  probe  surface.  The  coolant  must  have  good  heat  transfer 
properties  (water  Is  preferred),  and  high  coolant  velocities  must  be  maintained, 
eepeolally  at  the  probe  leading  edge. 

In  order  to  prevent  continued  chemical  reaction  within  the  probe,  a 
quenching- type  probe  is  required.  Quenching  of  the  reactions  is  accomplished 
by  adequate  cooling  of  the  tip  and  by  expansion  of  the  gas  flow  across  the 
orifice. 

In  order  to  properly  mass  weight  the  various  samples.  Impact  pressure 
must  be  measured  at  the  sampling  point.  Local  mass  flow  is  subsequently  cal- 
culated from  the  local  Impact  pressure,  static  (ambient)  pressure,  and  total 
temperature  (calculated  from  the  gas  composition).  The  mass  weighting  Implies 
that  Individual  samples  must  be  taken.  Due  to  potential  nonhomogeneities  in 
the  exhaust  stream,  both  radially  and  circumferentially,  a relatively  large 
number  of  samples  are  required.  Either  a movable  probe  (single  element)  or  a 
fixed  rake  (multiple  element)  may  be  used.  In  either  case,  accurate  position- 
ing of  the  probe  is  required. 


B3.1.2  Probe  Material;  The  parts  of  the  probe  wetted  by  the  sample 
gas,  except  for  the  probe  tip,  should  be  of  stainless  steel.  Other  material 
may  be  used  in  contact  with  the  sao^jle  gas,  if  it  is  demonstrated  that  the 
material  does  not  alter  the  composition  of  the  sample.  To  assure  adequate 
cooling,  the  probe  tip  shall  be  of  copper  (AMS  4500). 


B3.1.3  Probe  Temperatures  The  san^le  line  within  the  probe  shall  be 
maintained  at  a temperature  between  130  and  327*  F, 
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B3. 1. 4 ?gob^  Tip  Pefljgn;  The  ptobe  tip  orifice  shall  be  aiaed  so 
as  to  give  adequate  sample  flov  under  critical  £lcv  conditions.  A short 
eiqpanslon  section  directly  following  shall  enlarge  the  flow  passage  to  a 
minimum  diameter  of  three  times  the  orifice  diameter.  A typical  probe  tip 
design  la  shown  below: 


B3.1.S  Total  Pressure  Measurement;  Total  pressure  shall  be  mea- 
sured within  0.2  Inch  of  the  sampling  location.  This  permits  a combination 
probe  tip  design  in  which  separate  orifices  are  provided  for  the  gas  sample 
and  impact  pressure  measurements.  Alternatively,  both  pressure  measurement 
and  gas  sample  may  be  obtained  from  a single  orifice,  In  which  case  the 
measurements  cannot  be  made  simultaneously. 


B3. 2 

B3.2.1  Axial  Sampling  Plane;  The  axial  sampling  plate  shall  be 
within  eight  inches  of  the  plane  at  which  the  exhaust  is  completely  expanded. 
Care  should  be  taken  so  that  adequate  clearance  exists  between  the  sampling 
probe  and  exhaust  nozzle  for  every  position  of  the  exhaust  nozzle  during  the 
test. 


B3.2.2  Radial  Sampling  Locations;  A minimum  of  22  sampling  points 
shall  be  used  for  each  test  condition.  A minimum  of  five  sampling  points 
shall  be  located  in  each  of  four  quadrants,  with  two  sampling  pol..ts  located 
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near  the  engine  centerline.  San^ling  pointa  in  adjacent  quadrants  shall  be 
separated  by  at  least  60  degrees  angular  dlaplacMent. 


Adjacent  sai^ltng  points  along  each  dianeter  should  be  equally  spaced. 

In  order  to  accurately  locate  the  edge  o£  the  exhaust  streatUi  the  impact 
pressure  at  the  outermost  sampling  point  shall  be  between  1.05  and 
1.10  where  Is  the  ambient  pressure. 

B3.3  Sample  Transfer;  the  sample  shall  be  transferred  from  the  probe 
to  the  analytical  Instrunents  through  a heated  sample  line  of  either  stain** 
less  steel  or  teflon  of  0.18  to  0.32-inch  ID.  The  sample  lines  shall  be 
maintained  at  a temperature  of  300  ± 27*  F from  the  probe  to  each  analytical 
Instrument. 

Sample  line  length  should  be  as  short  as  possible,  consistent  with  the 
test  setup.  Suitable  noncontaminating  sample  pumps  shall  be  used  to  maintain 
a partial  vacuum  within  the  probe  so  that  the  pressure  ratio  across  the  probe 
orifice  is  no  less  than  five,  the  total  sample  flow  rate  shall  be  such  that 
the  sample  gas  is  transported  from  the  probe  inlet  to  the  analyzer  inlet  in 
less  than  ten  seconds. 


' B4.  EQUIPMENT  LAYOUT 

A schematic  diagram  of  the  emissions  measuring  system  is  shown  in  Figure 
B2.  Additional  components  such  as  instruments^  thermocouples,  valves, 

I solenoids,  pumps,  and  switches  may  be  used  to  provide  additional  information 

i and  coordinate  the  functions  of  the  component  systems.  Parallel  Installation 

I of  CO  and  CO2  analyzers  is  an  acceptable  alternative.  No  desiccants,  dryers, 

; water  traps  or  related  equipment  may  be  used  to  treat  the  sample  flowing  to 

the  NOx  analyzer.  The  NO^  instrument  configuration  must  be  such  that  water 
condensation  is  avoided  throughout  the  instrument. 


B5.  INSTRUtffiNT  ROUTINES 

B5.1  NDIR  Instrunients:  Following  the  Instrument  manufacturer's  instruc- 
tions for  startup  of  instruments,  the  following  minimum  requirements  shall  be 
adhered  to: 


B5 . 1 . 1 Monthly  Routine; 

(1)  Check  detector  tuning,  following  manufacturer's  prescribed 
routine. 

(2)  Set  Instrument  zero  using  dry  nitrogen. 


‘i 

I 
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Heatea  to  300  t :?7°  F to  the  FID. 

Heated  to  130  ± 9*  F Downstream  of 
the  FID. 

Sampling  System  Schematic.  Instrument  Layout  is  the  Same  as  in  Figure  B1 . Major 
Difference  is  the  Probe  Pump. 


(3)  Using  previous  gain  setting  cheek  calibration  curves  using 
calibration  gas  with  nonlnal  concentrations  of  30 » 60 t and 
90%  of  each  range  used.  Use  the  saae  gas  flew  rate  through 
Instnanents  during  calibre tim  as  when  sampling  exhaust.  Any 
response  value  differing  from  the  previous  value  by  more  than 

± 3%  of  the  previous  value  at  the  sane  gain  setting  nay  reflect 
sons  probl@a  in  the  instrunent  system,  and  a thoroujdi  InstriH 
nent  ^eck  should  be  made.  Confirm  or  reestablish  calibration 
curves  for  each  range.  Log  gain  reading. 

(4)  Check  response  of  interference  gases  as  called  out  in  B2.1.4. 

If  unacceptable,  determine  cause  and  correct  — detector 
replacement  may  be  indicated. 


B5.1.2  Dally  Routine i 

<1)  1£  analyser  power  is  not  left  on  continuously,  allow  2 hours 

for  warmup.  (If  daily  use  is  anticipated,  it  is  recommended 
that  analyser  be  left  on  continuously.) 

<2)  Replace  or  clean  filters. 

(3)  Check  system  for  leaks. 

(4)  Check  detector  tuning  and  record  reading.  If  the  reading 
changes  by  more  than  ± 3%  from  the  previous  value.  Instrument 
readjustment  is  indicated.  For  the  following  tests  the  temper** 
ature  of  zero  and  span  gas  in  the  instrument  cells  shall  be 
within  1 2*  C (±  3.6*  F)  of  typical  sample  gas  temperature 
measured  at  the  outlet  of  the  sample  cell,  and  gas  flow  rate 
through  the  Instruments  shall  be  the  same  for  zero  and  span 
gas  as  for  sample  gas. 

(5)  Zero  the  Instrument  on  dry  nitrogen.  If  there  is  a significant 
change  In  setting  of  Zero  control,  determine  the  cause  and 
correct. 

(6)  Using  span  gas  to  give  75  to  90%  full-scale  deflection,  check 
the  response  of  the  instrument  on  each  range  using  the  gain 
setting  from  the  previous  use.  If  the  reading  differs  from 
the  previous  value  by  more  than  3%,  an  instrument  problem  may 
be  indicated.  Check  and  correct  as  cessary.  If  instrument 
reading  is  within  ± 3%  of  previous  value,  adjust  gain  control 
to  produce  proper  instrument  output.  Log  gain  setting  at 
final  adjustment. 

(7)  Check  zero  with  dry  nitrogen  and  repeat  step  6 if  necessary. 

(8)  Zero  and  span  shall  be  checked  before  and  after  each  test,  and 
at  approximately  one-hour  intervals  during  the  test. 
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total  ftydroeayfaen  Analyaer 
BS»2.1  lultial  Aligtunanti 


B5.2.1tl  Optimization  of  Detector  Reaponae; 

(1)  Follow  manufacturer's  instructions  for  instrument  startup 
and  basic  operating  adjustment.  Fuel  shall  be  60X  helium, 
402  hydrogen  containing  le^s  than  0.1  ppmC  hydrocarbon. 

Air  shall  be  "hydrocarbon-free"  grade  containing  less 
than  0.1  ppnC. 

(2)  Set  oven  temperature  at  160*  C i 5*  C (320*  F ± 9*  F)  and 
allow  at  least  one-half  hour  after  oven  reaches  tempera- 
ture for  the  system  to  equilibrate.  The  temperature  is 
to  be  maintained  at  set  point  ± 2*  C (±  3.6*  F). 

(3)  Introduce  a mixture  of  propane  in  air  at  a propane  con- 
centration of  about  SOO  ppmC.  Vary  the  fuel  flow  to 
burner  and  determine  the  peak  response.  A change  In  zero 
may  result  from  a change  in  fuel  flow;  therefore,  the 
instrument  zero  should  be  checked  at  each  fuel  flow  rate. 
Select  an  operating  flow  rate  that  will  give  near  maximum 
response  and  the  least  variation  In  response  with  minor 
fuel  flow  variations. 


(4)  To  determine  the  optimum  airflow,  use  fuel  flew  setting 
determined  above  and  vary  airflow.  A typical  curve  for 
response  versus  airflow  is  shown  below! 


After  the  optimum  flow  settings  have  been  determined,  these 
flows  are  to  be  measured  and  recorded  for  future  reference. 
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US. 2. 1.2  Oaggep  Effactt  Check  the  reeponec  of  the  detector 
with  varied  concentrations  of  oiQrgan  In  the  sample  following  steps  outlined 
below;  this  test  shall  be  made  with  oven  temperature  at  the  set  point  and 
with  gas  flow  to  the  detector  at  optimum  conditions,  as  determined  in 
B5.2.1.1. 


(1)  Introduce  nltrogea  (H2)  aero  gas  and  aero  analyser;  check 
eero  using  hydrocarbon- free  air;  the  aero  should  be  the 
same. 

(2)  Ihe  following  blends  of  propane  shall  be  used  to  determine 
the  effect  of  oj^gen  (O2)  in  the  sample: 


Propane  in  N2 

Propane  In  90%  ^2  + ^0%  O2 

Propane  in  air 


the  volume  concentration  of  propane  in  the  mixture  reach- 
ing the  detector  should  be  about  SOO  ppmC.  and  the  con~ 
centratlon  of  both  the  O2  and  the  hydrocarbon  should  be 
known  within  1 1%  of  the  absolute  value.  The  zero  should 
be  checked  after  each  mixture  is  measured.  If  the  zero 
has  changed,  then  the  test  shall  be  repeated. 

The  response  to  propane  in  air  shall  not  differ  by  more 
than  3%  from  the  response  to  propane  in  the  10%-02/90%-N2 
mixture,  nor  differ  by  more  than  5%  from  the  response  to 
propane  in  nitrogen. 

If  these  specifications  cannot  be  met  by  changing  the 
sample  flow  rate  or  burner  parameters,  such  as  airflow 
and/or  fuel  flow  rate,  it  Is  recommended  that  the  detector 
be  replaced. 


B5.2.1.3  Linearity  and  Relative  Response: 

(1)  With  analyzer  optimized  per  B3.2.1.1,  the  instrument 

linearity  shall  be  checked  for  the  range  0 to  1,000  and 
0 to  10.000  ppmC  in  air  at  nominal  concentrations  of  50 
and  95%  full  scale  of  each  range.  The  deviation  of  a 
best  fit  curve  from  a least-squares  best-fit  straight 
line  should  not  exceed  2%  of  the  value  at  any  point.  If 
this  specification  is  met,  concentration  values  may  be 
calculated  by  use  of  a single  calibration  factor.  If  the 
deviation  exceeds  2%  at  any  point,  concentration  values 
shall  be  read  from  a calibration  curve  prepared  during 
this  alignment  procedure. 
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(2)  A coaparlfon  d£  response  to  the  different  classes  of 
conpounds  shell  be  aade  using  (Individually)  propylene i 
toluene,  end  n-hexene,  each  at  20  to  30  ppmC  concentra- 
tion in  nitrogen.  If  the  response  to  any  one  differs  by 
more  than  5%  from  the  average  of  the  three,  check  instru- 
ment operating  parameters.  Reducing  sample  flow  rate 
improves  uniformity  of  response. 


B5.2.2  Routine  At  Three-Month  Intervals t These  checks  are  to  be 
made  at  three-month  intervals  or  more  frequently  should  there  be  any  question 
regarding  the  accuracy  of  the  hydrocarbon  toeosurements: 

(1)  Cheek  for  and  correct  any  leaks  in  system. 

(2)  Check  and  optimize  burner  flows  (air,  fuel,  and  sample)  as 
required  by  criteria  of  B5,2.1. 1, 

(3)  Check  O2  effect  as  outlined  in  B5,2.1,2. 

(A)  Check  response  of  propylene,  toluene,  and  n-hexane  as  outlined 
in  BS.2.1.3. 

(3)  Check  linearity  as  outlined  in  B5,2.1. 3. 


B5.2.3  Daily  Routine 

(1)  Clean  or  replace  filters. 

(2)  Check  Instrument  for  leaks. 

(3)  Check  instrument  temperatures. 

(A)  Ascertain  that  all  flows  to  detector  are  correct. 

(5)  Check  zero  with  zero  gas. 

(6)  The  response  using  blends  of  propane  in  air  shall  be  checked 
on  each  range: 

For  range  Use 

0 to  10  ppmC  7 to  10  ppmC  propane  in  air 

0 to  100  ppmC  70  to  100  ppmC  propane  in  air 

0 to  1,000  ppmC  700  to  1,000  ppmC  propane  In  air 

If  the  response  differs  from  the  last  previous  check  value  by  more 
than  3%  of  the  value  logged  during  the  last  prior  day’s  use,  an 
instrument  problem  may  be  Indicated. 
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A 2nro  and  span  gas  ebsck  shall  bs  aada  bafofe  and  after  each  test 
and  at  approxiatately  one-hour  lnterval£3  during  the  test*  If  the 
cuBulatlve  changes  exceed  3%  during  the  dsy»  an  instruaent  problem 
may  be  Indicated. 


B5.3  Chealluialneacetiee  Analyser?  Follow  the  Instrument  manufacturer’s 
instructions  for  startup  of  instrument. 

BS.3.1  Thermal  Converter  Efficiency  Check i Check  the  MOx  to  MO 
converter  efficiency  by  the  following  procedure.  Use  the  apparatus  described 
and  Illustrated  belcw: 


NOjj  Converter  Efficiency  Detector 


O2  or  Air 
Supply 

□- 


L 

Ozonator 

h 


MV, 


sw. 


U5  VaT 


SW. 


rrYYY^ 


N0/N2 

Supply 


y -r 

D— C><} 

c„  MVa 


r — 


-a 


Converter 

Inlet 

Connector 


(a)  Attach  the  NO/N2  supply  (150-250  ppm)  at  C2,  the  O2  supply 
at  Cx>  and  the  analyzer  inlet  connection  to  the  efficiency 
detector  at  €3.  If  lower  concentrations  of  NO  are  used,  air 
may  be  used  In  place  of  O2  to  facilitate  better  control  of 
the  NO2  generated  during  step  (d). 

(b)  With  the  efficiency  detector  varlac  off,  place  the  con- 
verter In  bypass  mode  and  close  valve  V3.  Open  valve  W2 
until  sufficient  flow  and.  stable  readings  are  obtained  at  tne 
analyzer.  Zero  and  span  the  analyzer  output  to  indicate  the 
value  of  the  NO  concentration  being  used.  Record  this  con- 
centration- 
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(e)  Open  velve  V3  (on/off  flow  control  eolenold  valve  for  O2)  and 
adjust  valve  HVl  (O2  supply  aeterlng  valve)  to  blend  enough 
O2  to  lower  the  NO  eoneentratloo  (b)  about  10X>  Beeord  this 
concentration. 

(d)  7um  on  the  oaonator  and  Increase  Its  siq>ply  voltage  until  the 
NO  concentration  of  (e)  Is  reduced  to  about  202  of  (b).  NO2 
Is  now  being  fomed  froe  the  N0f03  reaction,  there  auiat 
always  be  at  least  102  unreacted  NO  at  thla  point,  gecord 
this  concentration. 

<e)  When  a stab.le  reading  haa  been  obtained  froia  (d),  place  the 
N0](  converter  In  the  convert  node.  The  analyser  will  now 
Indicate  the  total  concentration.  Record  this  concen-' 
tratlon. 

(f)  Turn  off  the  ozonator  and  allow  the  analyzer  reading  to  ata** 
blllze.  the  mixture  N04O2  Is  still  passing  through  the  con- 
verter. this  reading  la  tfe^  total  NO^;  concentration  of  the 
dilute  NO  span  gas  used  at  step  <c).  Record  this  concentra- 
tion. 

(g)  Close  valve  V3.  the  NO  concentration  should  be  equal  to  or 
greater  than  the  reading  of  (d)  Indicating  whether  the  NO 
contains  any  NO2. 

Calculate  the  efficiency  of  the  NOx  converter  by  substituting 
the  concentratlcns  obtained  during  the  test  Into  the  following 
equation. 

2 Eff.  “ 

rhe  efficiency  of  the  converter  should  be  greater  than  90  per- 
cent. Adjusting  Che  converter  temperature  may  be  needed  to 
m?]d.mlze  the  efficiency. 

(h>  If  the  converter  efficiency  Is  not  greater  than  90  percent, 

the  cause  of  the  Inefficiency  shall  be  determined  and  corrected 
before  the  lastrument  is  used. 

(1)  the  converter  efficiency  shall  be  checked  at  least  monthly. 


BS.3.2  Monthly  Routine 


(1)  Adjust  analyzer  to  optimize  performance. 

(2)  Set  Instrument  zero  using  zero  grade  nitrogen. 


(3)  Calibrate  the  NO^  analyzer  with  nitrle  oxide  (nitrogen  diluent) 
gases  having  nominal  concentrations  of  SO  and  95%  of  full  scale 
on  each  range  used.  Use  the  same  gas  flow  rate  through  the 
Instrument  during  calibration  as  when  sampling  exhaust.  Log 
aero  and  gain  settings. 


. 3 . 3 Daily  Routine 

(1)  If  analyzer  power  is  not  left  on  continuously,  allow  two 
hours  for  warmup. 

(2)  Clean  or  replace  filters. 

(3)  Check  system  for  leaks. 

(4)  Ascertain  that  flow  to  detector  is  correct. 

<S)  Check  zero  with  zero  grade  nitrogen. 

(6)  Zero  and  span  shall  be  checked  before  and  after  each  test  and 
also  at  approximately  one-hour  intervals  during  the  test. 


B6.  REFERENCE  GASES 

B6.1  Mixture  Compoaitlon:  Reference  gases  for  carbon  monoxide  and  carbon 

dioxide  shall  be  prepared  using  nitrogen  as  the  diluent.  They  may  be  blended 
singly  or  as  dual  component  mixtures.  Nitric  oxide  reference  gas  shall  be 
blended  in  nitrogen.  Hydrocarbon  reference  gas  shall  be  propane  in  air. 

Zero  gas  shall  be  nitrogen,  or  optionally  high  purity  air  as  specified  in 
B6.4. 


B6.2  Calibration  Gases ; Calibration  gases  shall  be  certified  by  the 
vendor  as  accurate  within  ± 1%. 


B6.3  Span  Gases:  Span  gases  shall  be  supplied  by  the  vendor  to  a stated 

accuracy  within  ± 2%. 

B6.4  Zero  Gasi  Nitrogen  zero  gas  shall  be  minimum  99.998%  N2  with  less 
than  1 ppm  CO.  This  gas  shall  be  used  to  zero  the  CO,  CO^  and  NO  analyzer. 

Zero-grade  air  shall  not  exceed  0.1  ppmC  hydrocarbon.  This  gas  shall  be 
used  to  zero  the  HC  analyzer.  Zero-grade  air  includes  artificial  air  consist- 
ing of  a blend  of  N2  and  O2  with  O2  concentration  between  18  and  21  mole 
percent. 
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B7.  TEST  PROCEDURE 


B7.1  Tfegt  Layout t Set  up  engine^  saapllng  equlpnent,  and  analysis 
equlpfiiant  aa  speellled  In  Sections  B3  and  B4. 


B7.2  Fuel;  The  fuel  iised  shall  be  aa  specified  by  the  engine  manufac- 
turer.  The  carbon-to^hydrogen  ratio  shall  be  determined  and  this  par^eter 
is  required  in  the  calculation  of  results  (Section  B9) . The  emissions 
deterMned  by  this  procedure  may  be  a function  of  the  type  of  fuel  used  and 
so  the  type  of  fuel  shall  be  Included  as  an  integral  part  of  the  test  data, 
as  specified  In  Section  B8. 


B7.3  Ambient  Conditions;  Changes  in  ambient  temperature,  pressure, 
and  humidity  can  cause  changes  in  emissions  levels  both  through  direct 
ch^ges  In  coBdiustor  conditions  and  through  changes  in  engine  operating 
parameters.  Since  generally  accepted  methods  are  not  currently  available 
for  correcting  test  data  to  standard  conditions,  extremes  of  ambient  condl** 
tlons  ahould  be  avoided.  Ambient  temperature,  pressure,  and  humidity  shall 
be  measured  for  the  test  records  (Section  B8). 


B7.4  Instrument  Calibration;  Calibrate  exhaust  analysis  Instruments 
before  and  after  each  test  period  using  dally  procedures  given  in  Section  B5. 


B7*5  Test  Sequence; 

(a)  Start  engine  and  adjust  to  desired  power  setting.  Allow 
adequate  time  for  stabilization. 

(b)  Measure  concentrations  of  CO,  CO2,  HC,  MO,  MOj^,  wd  impact 
pressure  on  a minimum  of  22  radial  sampling  locations  as 
specified  In  Section  B3.2.2. 

(c)  The  engine  may  then  be  stabilized  at  another  power  setting 
and  measurements  made  as  in  (b)  above.  Repeat  until  test 
series  is  complete. 


B8.  MIMIMUM  INFORMATION  TO  BE  RECORDED 

The  following  information,  as  applicable,  shall  form  a part  of  the 
permanent  record  for  each  test. 

B8.1  General 


(a)  Facility  performing  test  and  location. 

(b)  Individual  responsible  for  conduct  of  test. 
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(c)  Test  nuaber,  reading  nuaber,  etc 

(d)  Date 

(e)  Time 


k 


(£)  Fuel  type,  fuel  specification,  additives,  HC  ratio,  and 
aethod  of  deteruLnatlon. 

(g)  Ambient  Conditions:  Teaperature,  pressure,  humidity. 

(h)  Test  procedure  designation. 

(1)  Exceptions,  If  any,  to  this  procedure. 

B8.2  feiglne  Deacrlptlon 

(a)  Manufacturer 

(b)  Model  number,  serial  nutiiber. 

(c)  Time  since  overhaul  and  other  pc>*tlnent  maintenance  infor~ 
matlon. 

3 Engine  Operating  Data 

(a)  Nominal  power  setting,  throttle  angle. 

(b)  Rotational  speed;  Nx>  N2. 

(c)  Fuel  flow  (main  engine  and  afterburner). 

(d)  Airflow  and  method  of  determination. 

(e)  Compressor  discharge  temperature  and  method  of  determination. 

(f)  Compressor  discharge  pressure  or  EPR. 

(g)  Exhaust  nozzle  position. 

(h)  Thrust. 

(I)  Fuel  temperature. 

(J)  Engine  bypass  ratio. 

(k)  Engine  inlet  (ram)  total  temperature. 
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i 

i 

I 
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B8.4  Exhauat  Sampling  Data 

(a)  Axial  sanpllng  location. 

(b)  Radial  aatnpllng  location  (distance  from  projected  engine 
centerline). 

(c)  Cop.centratlona  of  CO,  CO2,  HC,  NO  and  NOx  at  each  sampling 
local ion. 

(d)  Probe  impact  pressure  at  each  sampling  location. 

(e)  Sample  line  temperature. 

(£)  Sample  line  pressure  within  probe. 

(g)  Probe  coolant  temperatures. 


B9.  CALCULATION  OP  RESULTS 

For  afterburning  engines,  chemical  reactions  can  continue  In  the  exhaust 
plumes  downstream  of  the  nozzle  exit  plane.  The  higher  the  exhaust  tempera- 
ture at  the  exit  plane,  the  greater  la  the  extent  of  subsequent  reactions. 

The  composition  of  the  exhaust  at  the  nozzle  exit  plane  is  thus  not  represen- 
tative of  the  actual  levels  of  pollutants  ejected  into  the  surrounding 
atmosphere,  the  actual  levels  being  generally  less  than  the  levels  at  the 
nozzle  exit  plane.  The  measured  emissions  levels  must  thus  be  corrected  for 
plume  reactions  through  the  use  of  a computer  program  derived  from  a reactive 
plume  analytical  model. 


! B9.1  Plume  Model  Input  Data 

I 

I 

! The  plume  model  computer  program  computes  mixing  iind  reactions  along  a 

maximum  of  11  stream  tubes  In  the  plume,  but  the  measurements  are  made  at  22 
radial  probe  positions.  The  22  separate  measurements  must  be  reduced  to  11 
values  before  Insertion  into  the  plume  model.  To  accomplish  this,  the  impact 
i pressure  measurements  are  first  plotted  against  radial  position,  as  shown  In 

i Figure  B3,  and  u smooth,  averaged  curve  Is  drawn  through  the  data.  The  outer 

i radius  (Rq)  of  the  exhaust  Jet  Is  taken  as  that  radial  location  at  which  the 

impact  pressure  equals  the  ambient  pressure. 

Similarly,  the  CO  and  CO2  concentration  data  are  plotted  against  radial 
position  (Figure  B4)  and  smooth,  average  curves  shall  be  drawn  through  each 
set  of  data.  The  plume  model  computer  program  requires  that  Input  CO  and  CO2 
composition  data  be  on  a semi-dry  basis;  that  is,  with  0.6C2%  moisture  in  the 
sample.  In  case  the  samples  were  not  partially  dried  (with  an  ice  trap)  to 
this  level,  then  appropriate  correction  factors  shall  be  applied.  Suitable 
correction  factors  are  given. in  Section  A9. 3 of  this  procedure. 
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Finally*  Che  HC  and  NO^  coneentraclon  data  ahall  be  plotted  aiwilnai. 
radial  position*  aa  sho<im  in  Figure  B5.  li  large  variations  in  UC  conciui" 
trutions  are  noted  acrois  the  streiiii*  then  the  HC  data  shall  be  plotted  on 
semi  logarithmic  coordinate  paper*  as  in  Figure  US. 


The  exhaust  area*  as  determined  by  Kg* 
areas  by  defining 


g 


shall  be  divided  into  11  equal 


(B15) 


Tile  11  radial  locutions*  % * are  then  selected  to  be  in  the  center  of  each  of 
11  equal  areas.  Thus, 


0 « 


(B16) 


where  1 • I*  2,  , 11. 


This  equatioii  can  be  simplii'ied  to  yield 


Ri  ■ 0.2132  Ro  / (21-1) 


(B17) 


where  i =•  1*  2,  “-*  11. 

The  complete  list  of  input  data  required  for  the  plume  model  computer 
program  is  given  in  Table  Bl  along  with  a brief  description  of  each  varl~ 
able.  Note  that  Item  S*  RADJ*  is  equal  to  Rg  expressed  In  feet.  Similarly, 
Item  13*  RADII,  is  equal  to  R^i^  expressed  in  feet. 

The  local  gas  composition  at  the  11  selected  radial  locations  (Item  12, 
CAROL)  must  be  expressed  either  in  mole  fraction*  parts  per  million*  or  some 
unit  proportional  to  mole  fractions.  Note  that  mixed  units  (e.g.*  ppm  and  %) 
cannot  be  entered.  Item  19*  SF*  is  the  scale  factor  appropriate  to  the  units 
used. 


The  emissions  indices  for  NOx  (iilN©2C)  and  for  CO  (ElCdC)  at  the  after- 
burner inlet  are  also  required  for  inputs  to  the  plume  model.  These  values 
are  normally  obtained  from  previous  measurements  on  the  engine  at  military 
power. 

For  mixed  flow  augmentors,  in  which  afterburning  fuel  is  injected  into 
the  mixed  atream  consisting  of  core  engine  exliauet  and  fan  air,  the  overall 
engine  bypass  ratio  (BETA)  may  be  obtained  from  engine  cycle  data.  The  local 
bypass  ratio  (BL0C)  at  each  probe  location  is  generally  obtained  from  emis- 
sions measurements  at  military  power  condition. 
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Data  Item  No.  20  (PRINT)  oontains  tUo  axial  stations  at  which  the  output 
is  to  be  printed.  Data  shall  be  calculated  and  reported  for  at  least  three 
axial  stations  as  follows:  (1)  nozale  exit  plane  (zero  feet  aft)»  (2)  35 

times  RADJ,  and  (3)  50  times  RADJ.  Data  may  be  calculated  for  additional 
axial  stations  in  order  to  follow  the  course  of  reactions  within  the  plume. 
Reactions  are  substantially  completed  at  35  times  RADJ. 

The  Computer  Program  User's  Miuaual  should  be  consulted  for  additional 
information  and  for  the  complete  description  of  the  plume  model  computer  pro= 
gram.  The  User's  Manual  has  been  published  as  Supplement  2 to  AFAPL-TR-75-52. 


B9.2 


At  each  axial  station,  as  designated  in  the  input  data,  the  plume  model 
computer  program  calculates  various  quantities  related  to  mixing  and  reactions 
in  the  plume  along  the  11  stream  tubes  initially  selected.  In  addition,  at 
each  station,  the  following  overall  or  integrated  values  are  calculated,  and 
shall  be  reported: 

Total  Flow,  ppa:  Gas  Mixture,  Fuel  ‘ 

Emission  Indices,  lb/1000  lb  fuel:  CO,  HC,  NOx 

Contaminant  Flow,  pps:  CO,  HC,  NOx 

The  overall  values  shall  be  examined  for  internal  consistency.  The 
following  criteria  shall  apply: 

(a)  Calculated  fuel  flow  shall  agree  within  ± 15%  with  the  metered 
total  engine  fuel  flow.  If  the  agreement  Is  not  within  15%,  then 
the  plume  model  input  data  shall  be  reasserted.  In  particular, 
the  curves  of  concentration  versus  radial  location  shall  be 
examined  to  determine  that  the  composition,  of  the  samples  is 
representative  of  the  actual  local  composition. 

(b)  Emission  indices  and  contaminant  flows  at  axial  station  50  times 
RADJ  shall  be  within  5%  of  the  value  calculated  for  axial  stations 
35  times  RADJ.  If  such  is  not  the  case,  t)ie  computer  program  shall 
be  rerun  fur  an  axial  station  of  70  timer  RADJ. 


